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1. Ace&rotor and Detwtor 

Since tbia L a et of experimental leetura, I till begin with YI introduction to the 
experimental toola which allow the physia iuuer to be l ttuked. First re will look at 
the accdere.w with l ape&l emphti on the prcduction of antiprotons. Then we will 
brietly consida the element of a lugc general purppac collider detector. 

1.1. Accdentor 

Much of the succcu of both the CEBN aad Fermilab hadron Alider prog?ama L due 
to the achievement of the accelerator phyaiclta in providing wry large coIlion rata 
of high enuu protone and mtipmtau. 

The wcdewtw ateqy ia critical for many physia procepa mch u high Q* QCD 
ecatktittg, W production. top quark production, b quark production, and SUSY pm 
duction (Fit. 1). In each cae, to get high mu, or Q’, mcr;etic i&id state pu- 
tone UC add. Siica tlte puton diatributica in the protin ir peaked at small 
t = P,.,&P,,.,.,, (Fii. 1), & high flux of energetic putoas rquira lu;e proton 
l wrq. 

To obwm p- with small production am &ions, a large aumber of Fp 
colliiio~ must occur. ‘I%a puameta that givea the rate of colliaiona L the luminaity, 
d&red by the relation N t sL, wham N t the numba of eventa produced per wand 
for noma t¶nd stata, e b the production M aectioa for that atate, and L is the 
lumiaaity in witl of cm” -ue- ’ The if the Famihh Collider rexha l Iumitity 
of 1 x lO%m’a-rc-’ wxt yeu, the total mk of indwtic colliioms will be 0.5 MHa, 
dna the indvric cmm wtion i SO Y 10-ncma. 

For aa vedartor in which the putickr w diatribukd in ban&a rather than 
cantiawwly around th ring, the Iumiaaity b given by 

whew Ne (NT) L the ntunbm dpmtom (antiprotaas) io each bunch, B is tha number of 
bunchaotwhtypeinthe uwkwtw. fo ie lh wvolutiw frqwttcy dute wwlu8tw 
(SOKEalorFamii),and~istbetruuvem QOI aectionai size of tha ban&a. 

The tr- bunch sisa, e, b determined by both the churcktitia of tba beam 
and the mag&ic focusing prop&is of the accelerator. Tba beam emitknu (e s 
/ dd &) ie lhe phr spud area occupied by the bum (Fig. 3). Often the invariant 
emittanw ew I ye i# wed. It L more nearly independent of the beam energy beaua 
of the natural ampactiq of pham space by the Cormtr tmasfwmatbn. A puticla 
with momentum componenta P, and P, in the bunch rat frame will have sn angle in 
the lab frame (i) that L invdy proportional to the Larentr factor. 7, connecting 
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the bunch rat frame md the lab frame becauu P, is Lorentr boated while P, ir an 
invariant. 

The focusing properties of tbe acccler~tor quadrupola produce a phue apace rot* 
tion of the beam (Fig. 4). For l particle with coordiaabs (zo = 0, +b) at loution A, 
the paitioa at loc~tioa B i9 

z = m.in4+; 

where d ia the phav advance and the magnitude of the acillation i determined by 
the # function rhoc V&M at each point around the ring dependa on the configur&m 
of the accelcrator’~ quadrupale mynek. The luminaity ia maxim&d by having the 
minimum value of the fl function (p) located at the Fp collision point in the center of 
the detector. The minimum /3 ocam when the phue space cllipae hu ik mtijor ti 
orienkd vertiuliy in the (2, i) plw. 

In km of the bum emitknee and F, the tranwerme hunch aira b 

(NB- 10~ = q9- = - 
I 

Since the proton rod antiproton beama can have dierent emitkncm, the effective 
bunch size for. collider ir 

Thur to mtimixe the luminaity, @’ and the bum emitknee should be minimized, 
and the beam energy C-I 7 should be maximiA. 

,>-I<:’ g 

9 
(b) (cl 

b 

b’ 9 

(d) 
q 

(e) 

Fii. 1. Production diagrams for (a) high @ QCD rutkring, (b) W pmdxtioa. (c) top quezk 
pmdxtion, (d) b q-ark prod~ctin. md (e) SUSY production 



2h Phlriu of Pmton Antiproton Cdliaioru 

3.6 2” 
-IL 
_ A4 * VALENCE 

0.2 SEA 

: : 2 :.+ ‘:, 

x 

Fig. 1. The nlemce ud sea quark distribution function& Nok that the UC mome~tnm 
dcmsi(ia, to get the nomba den&a, divide the functions by I 

I BUNCH 

Fii. 3. The phrv space diagram for me of the dircctiou perpendknlu to tbc beam directiaa. 

POINT A POINT E 

Fii. 1. The phuc #pace rot&an of the beam between two locationa around the accekmtor. 
The width cd the beam at each loation k indicrtd. 
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A sketch of the accelerator complex at Fermilab ia *horn in Fii. 5. Proton are 
accelerated to 200 MeV in the Linac and then to 8 CeV in the Boater accelerator. 
Tbe protons M then transferred to the Main Ring, the original Fermilab accelerator 
located in the large tuonel. Hen the prota~ are accelerated to 120 GeV. They M then 
extracted and strike the antiproton target. Antiprotona with momentum near 8 GeV/c 
are collected, rtored, and phase npace eompd in the Debuncher and Accumulak~r 
ring. When the F intensity in sufficiently large, tbe antiproknr are reinjeckd ink 
the Main Ring where they are accelerated to 150 GeV and then translerred into the 
Tevatron, the superconducting accelerator that in located jrut below the Main Ring in 
the Fermilab tunnel. The Tevatron abo containa bunches of protona that were injected 
from the Main Ring just before the antiprotons were transferred out of the Accumu- 
lator. The counter-rotating p and p Tevstron b- M then acdersted together up 
to 900 CeV. Fiially the focussing quadrupola are raised to full power to obkin the 
minimum p and thus the maximum luminosity. 

Let ua consider the antiproton collection system [l] in more detail. The central 
problem in to produce and collect I) large number of antiprotons with emall enough 
momentum spread and angular divergence to be captured with high efficiency in the 
Main Ring and Tevstmo accelerators. In the proton-nucleur colliiona in the tug& 
antiprotolu are produced with a large angular divergence. A lith:un !~tn: (Fig. tla) ia 
used to focus the antiprotow into a beam. Lithium L the material of choice beeaov it 
is the conductor with the wnallat atomic number. A very large focusing magnetic field 
gradient ia produced when & 0.5 x IO’ ampere current pulse paeaea down the length of 
the lens. Tbii can be easily seen by considering an Ampere circuit ea shown in Fig. 6b. 

B,dl=p,+=po j.& 
I 

B2zr = +r’ 

B+& 

dB /IOX 

-=zF dr 
= 1000 Tels/metu 

Both the maximum proton flux striking the target and the maximum current in the 
lens are limikd by the thermal properties of the makrialn (melting point and effeck 
of thermal shock). 

The antiproton beam in transported from the lithium lem to the Debuncher ring 
where a phase apace rotation reduce the longitudinal momentum spread. Tbe loo- 
gitudinal phase space area (Ap,Az) remaina cmstaot, with Ap, decreasing an AZ 
incr-. Tbe antiproton beam entering the Debuncber bar the same bunched etruc- 
ture M the proton beam that struck the sntiprotoo target (Fig. 7). The phase apace 
rotation causes the bunches to become wider spatially, and cdnsequently narrower in 
momentum (Fig 8). Before the antiproton beam leaves the Debuncher, ik momentum 
spread is reduced from 3.5% to 0.2%. 

The Accumulator ring receives pulses of antiprotons from the Debuncber, stores the 
antiprotona for up to 24 houra until > 2 x 10” antiprotons w in the Accumulator, 
and during that time reducea the momentum spread (“cools” the beam) in dl three 
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Fii, 5. The Fermilab Accekreor Cmpb 

0) a) 
LITHIW LENS W 

P TARGCT 

Fii. 5. (a) Tk lithimn leu fdbm the B production t-et. @) A (I- QQ autism of 
the leaa with u Ampere timnit of rdiu 1. 

Fi5. 1. The bunch atrmctnre of tbc antiproton beam l nktinc tbc DebmAr. 
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Z POSITION 

(0) 

Z POSITION 

(b) 

Fii. 5. The puti& density withim l bunch in lon~tndimal phase spxa (a) rhem the been 
enten the debaucher ud (b) afk~ 10 tmu in the deba.cha. 

dimeruiona 10 thet the beam can be efficiently upturrd in the Mein Ring ecceleretor. 
Cooling in echieved ueiag Stocbutic Cooling, eort of * legal Maxwell Demon. 

The Stochutic Cooling ryrtem cmsimk of a rt of pick-up, empliien, end beem 
kicken (Fig. 9). The pick-upa detect the paitioa of an antiproton that ie not on the 
central orbit of the Accumulator. The eiga4 L amplified and a& acme the ring where 
it reacha the kickeen before the 5 doee. Tbe kickers apply en electric field in order to 
move the perticle back onto the centrel orbit. Since the field elm &eta other neuhy 
puticla, n&e ie introduced into the eyetern. Cauequentiy the coo- p- ie quite 
slow. Figure 10 showw the antiproton energy diitribution u e hxtction of time efter 
b accumulation begim. Notice that thk L a logarithmic plot and that after 4 houn 
there ie a very dmr core with. width of only . few MA’. 

The performance of the Fermilab Tevatron Collider during the 1988-89 tan L mm- 
marized in ‘Mk 1. Ueing that aumbcn in the reletion for luminaity doa not give 
the expected result beewee the qnokd invariant emittaacer are for 95% beam con- 
tainment, i.e. they correepond to ti not s’. 

During the next four yun there will be l major upgrade of the Fermilab Collider 
[2]. The goel Oc the project ie to reach l peak luminaity of et leut 5 Y let. The mat 
significant &age will be replacing the Main Ring accekratar by a new nrperconduct 
ing Main Injectw. AJ sbom in Fii. 11, it will be built in a aer tutd adjacent to the 
Tevatron. The Mein Injector will have l dgnificlatly lerger phve epece aperture for 
the beam and thus will be able to capture luger proton and antiproton fluxes. More- 
over the new machine will have a 1.5 rccond cycle time, compared to the 2.5 vcond 
Main Ring cycle. Tbua there will be a luger number of protin puk per hour on the 
B target, and consequently a higher F production rata. 

Tbe numba of proton and antiproton buncba in the TevatIoD will rL0 be increwed 
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KICKER 

t-ii. 9. A schematic mprsutrtioa of the StochUtiC COO& SyXtm% h pack-mp 0. one ride 
of the riq d&e& tbr ~pceitio~. The &aJ L then amphied ud rat to . M&r o, cbc 
abet side of the riu (0 move the E bxk ott(o rh Accnm~tar’~ cati orbit. The trpiul 
amplih budwidth-in 2 x 10’ Hr. -with .3ti d 3 x IO’. 

ENERGY RELATIVE TO THE CORE (Me’/) 

Fi3. 10. The time l volutia of the cneqy divtniutio~ of antipmtou h the Accnmul~tor. 



Table 1 
Fermihb Tentron performance dunin9 the 199949 run 
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Fii. 11. The Fermilab accelerator complex Y it wiU bat after tbe Main Injector L built. 



Table 2 
Chuactetitia oi the Fermilab Tevrrmm before ad titer the planed upgxde 
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u put of the accelerator improvement project. To ye why thir k necewry, we will 
calculate the mean number of Fp interactions per bunch crowing at L = 5 x Idlcm-a - 
ICC-’ assuming the number of bunches remain8 at 6 (a 1 bunch crowing pa 3.5 JWX). 
If R h the mean number of interactiona per bunch erasing, and N ir the mean number 
of inkractioru per wand, then 

R = N x 3.5 x IO’‘rcc 

= O~..,L x J.5 x lo-‘MC 

= (50 x lo-“‘m’)(S x rd’cm-’ - rec4)(3.5 x lo-‘we) 

5 6.75 

Having g or 9 overlapping iakractiom would greatly compliuk maay mcuuremenk, 
including the W mu, top quark uuch, and secondary vertex identiEcation in h events. 

To solve thb problem, the number of proton and aatipmbn buncha in the Tentma 
will be ia& from 6 to 36. Bowever since the p and F buncha counter-rotate 
in the lune rccelerataor ring, euh antiproton bun& would par thmugh a proton 
bunch M tima per revolution around the acceleratoc ring. The raulting long range 
electromagaetic iakractioa (beam-beam tuaahih) would caur the beam’* emittaace 
to blow up and the luminaity to be greatly reduced. Tbb will be voided with the uy 
of 22 high field (35 KV/cm) electmtatic uparatoon which will keep the pmtoru and 
antipmtotu ia hcliul orbik that only iakrsect at the CDF aad DO dekctors. 

The expected impmwmea t in the wz.&rstor performaace is ahorn in T&de 2. With 
thii and plumed &k&x improvementa. CDF should collect 100 tima the 19gk89 
data for each year of murdng &r 1996. 

J.Z. Dctcctm 

The phyda program at the colliders L determined to no small extent by the upabilitia 
and limiktioaa of the detectors. Hen I till discuss the major componenk of a collider 
detector and indicate how leptoar and hadrons arc identified. To be concrete I will 
focur on CDF, but the arentid elements, tracking and calorimetry, are common to 
mat generd purpaa detecton at h&an and electron colliden. 

The god in the design of CDF wa to detect and mearure the momenta of electrum, 
muons, qua& and gluonr (hadron jek), aad neutdna (through momentumimbdance) 
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over Y much of the totd tolid eagle Y pamible. A sketch of the d&tot ia ahown in 
Figure 12. A eupercooducting coil pmduca a 1.5 Tale magnetic field uniform over the 
volume of the trecking chambers. There UC two componenta to the tracking eyetan. 
Adjacent to the beam pipe, e ut of time projection chambcn (VVC) accurately 
locata the interaction vertex for each event. The large centrd tracking chamber (CTC) 
meslura the radii of curvature in the E field ol charged particle, and thue their 
momenta. Beyond the treckiog chunben, a eet of finely eegmenkd electmmegnetic 
and hadmnic cdorimeten coven mat of the edid angle (polu eagle, 0. between 2’ 
and 178’; uimuthd angle, 4, betwan 0’ and 360.). Theee cdotimekn meuure the 
energy of electmoe, photons, and hadrone. Muone are detected in the ccntrd region 
by drift chamber8 that are outeide of the ulorimeten, and in the forward regions by 
chambera in front of and behind large magnetized iron tomide. The detaila of the design 
aad comtndat of the CDF detector can be found in a aeria of uticla in Nuclear 
lnetrumente and M&ho& [3]. 

The centrd tracking chamber makea 84 mearuremente of a charged particle’e trajec- 
tory, each with an uncertainty of approximately 180 microna (Fig 13). This raul~ in 
an uncertainty in the track cuwature. t z A, of 

e, = 0.5 x lo-‘m-’ 

Since the tranevene momentum, 9 z 

where 9, 8, end k are in unite of GeV/c. Tale, end mekr”-’ rapntivdy, the e- 
ture uncerteiaty truulata into * J+ uncertainty of 

zh 
P4 

= 3 I 1 x lo- 
0.38 

F = 0.001q 

Thii giver a & uncertainty of 4% for :ypiul leptooe from W deuy (Pr q A&-/?). 
The cd&m&en consist of AU electromagnetic e&ion followed by a hadmnic e&ion. 

The elrtromegnetic calorimeter maewee the l nergk of electron, poeitmne, end 
photona by umpling the energy depaited in an clectmmqnetic wade. The detector 
(Fii. 14e) cmaisk of pIden of lead mdiatox rurdriched between she&e of ecintille~ 
plutie. B-trdhn; and pair production in the leed produce en e* tid 7 ueude. 
The chuged puticla pu through the tintillator producing light which ia tr-itti 
to a phototube by rwabiiing pleetic. The mean number of charged putiela at depth 
z in the c&eimetcc (in km of the uddon :ength in that meterid) for en electron 
initiated dectromagnetic cascade ie 

N.r = NldCk 

where 0 hti l logarithmic dependence oo the electron energy and, mat importantly, 
Ne ie proportiond to the energy of the incident electron. Typicd vdua for o and b for 
.s lead cdorimeter are a = 3.3 and b = 0.46 for a 40 GeV incident electron. Figure 14b 
shon e rkctcb of the development of the ~4% It builde to a peek by 6-7 radiation 
lengthe and then exponentidly dia away ee electmoe cod paitrooe lae energy by 



The Phyricr of Proton Antiprotam Cdlidmu 18 

v-77-v -I 

Fig. 12. The CDF detector. 

Fi;. 13. The tr+%ory of l charged particle L meuured at 84 radial pcdtbu. 
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Fig. 14. (a) A rampiin6 electrom~nelic cakximeter. (b) %&ch of the bngitudinal develop 
ment of an ebxtromagmetic uude. 

ionization energy lca and rto longer are energetic enough to pr0duc.e the high energy 
photona that can creak additional e+e- pairs. 

In the CDF electromagnetic cabximekr in the central region. the caude ia aam- 
pled at - 30 depths. The dominant uncertainty in deknnining the energy of the inci- 
dent electron ir the rkthtical uncertainty in the number of cascade &ctmns paming 
through the ecintillator. Tltua 

CL a JN7; 

Since N,t ia proportional k the incident electron energy, E, the unc&Aty becoma 

e* cz 42 

For the CDF ealocimekr, 

where E i in GeV and the second term ia due to cell to cell variationa in the energy 
calibration and L added in quadrature to the first krm. 

The !xdroslc &ximckr opuata in a rimilu fubion, hut hue the iqddent hadron 
loses energy by. nuclear wade. At leut t nuckat &wption length6 (- 1 m&r of 
iron) ue needed to contain the ~horer. Many fewer puticla ue pmduccd in a nuclear 
caxde than in an electromagnetic cascade. Consequently the atatisticd fluctustiom 
are much larger. The CDF cdorimekr hsr an energy resolution for incident pimu of 
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Fig. IS. (a) A mmic ray muon pusins clac to the cemkr of the dekckr. For caliiratin 
pt~rpoaa, it is analyzed u if there were tm oppositely cbuged purick emu&tinI from the 
detector center. (b)Tbe actual tr+ctoria (dubed cnrva) of pcsitive ud nqatirr tracka of 
the ume momentum bet opposite charge. The solid carve show bow the trvb m&i be 
reconst~ckd if the ccntra.l plane of cbambu rira “en believed k be futber k the right. 

The ability to make precision energy meamrematk depmde critiully on the &ii 
bration of the dekckr l lemenk aad the wociakd eyekmatic uwataintia. At CDF 
the initial calibration of the c&?imekn wea done ia l test bum with clect?o~. pi- 
ooe, and muone of kaorn momente. The intial calibration of the tracking chamber wu 
carried out wing u*mic rays (Fig 154. A cosmic ray that pswr clae to the center of 
the detector can be eaalyzed ee if it were two tracks ofoppoeik cbup emanating from 
the detector cenkr. By minimiria~ the diffenncc in auvatttm, the dii?erenc.e in initial 
azimuthal angle, and the diitance of chat l pprorcb of theee %8&e” for l large 
sample of comic mye, rlight conectiolu to the locatiooe of the wira in the chamber 
can be deduced. 

Although thse initial calibretione ue quik imporknt, the ti calibration b done 
with Collider date eioce the hatile --~i:oxnent of a high luminaity hadma collider 
can cause dight elk&one in the detector calibration. CDF aem the treckiu cbambu 
to check the ulorimekr calibration, rod the ubximekr to check the trlctily chamber. 
Thin ie not the circulu qttnwnt it eeems b- the trukii chamba (ulorimekx) 
rapone is uhymrnetric (symmetric) with raptzt to the datrle charge of an et. 
Figure 15b ehorr that if the vumed location of the cbamha wira h incorrect, the 
reconetruckd curvature of l poehive (negative) track will be lup (anailer) than the 
true -tme. That ie, 

where P* t the recaetuckd momentum for l paitron or electron, PO t the actual 
momentuq sod e is the f&e curvature caued by the error in the position of the 
chamber wira. The electromagnetic cebximekr, on the other haod, rapon& the same 
to electrons and paitrone. If there ie a calibration error (0, then the reconstruckd 
and actual energia of the electron and positron are releted by 

Ef = Eer(l+c) 
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Fii. 16. The E/P diwttibation for dectmlu ud paitmv from W decay. The curve is the 
ladt of. d-r simdatbm that indndo radiation from tke ekctmns. 

The calorimeter calibration error and the tracking chamber f&e curvature can be 
dekrmined wing l sample of hi&b energy dectmnr and paitrona, where E = P. Fmm 
the above two equations, we fi 

l+c = ~(4)++w-l 

_ (WI*3 w-1 1 

PJ.1.r 2E 

Figure 16 daowa E/F’ for l vmpla of electlonr and paitmna from W decay along with 
the rat& of a detector simulation. The tail on the high aide ia due to bremntrahlung; 
the cdodmeter d&ccl the electron and colineu photolu, while the tracking chambu 
meslura the momcntttm only of the chatgcd electron. 

Tbii in sib technique wu mcceafully wed to achieve the wracking resolution of 
o-/J+ = O.OOll&. Geometric dtitortionr in the chamber UD rtill be obrerved, but 
they correspond to a false radiur of curvature ofs 50 kilomekm! Although thii method 
removea relative erron in the calorimeter and tracking Amber calibration. it doa not 
set the dmduk momentumoule. This isobttined fmm the trackin(lcbembergeometry 
and the mewned B field. The aule ia checked by comparing the mama of the J/d, 
f, and 2” resonances meuuced by CDF (3.097f0.001,9.469f0.010, and SO.Qf0.36 
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GeV/c’) k the world werag- (3.0959 f 0.0001, 9.4(ro3 f 0.0002, and 91.174 f 0.021 
GeV/Z)[41. 

Sepu~tion of lepklv from the much more copiously pmduced hdmna ia accom- 
pliahed wing information fmm all of the dekctor Jpktm. Figure 17a ia l schematic 
view of an electmn in the CDF dekctot. After paming thmugh the central tracking 
cbarnbcl, the electron loaea all of ik energy in the ekctmmagnetic ~orimek?. The 
distinguishing feature L the amall lateral and tranweme size of an clcctmmagnetic 
cascade, rbicb raulk in all of the energy being depaikd in a single electmmag- 
netic calorimeter tower with little or no energy leaking into the hdmnic wtion. In 
addition, a strip proportional chamber locakd near shower mudmum depth in the 
electromagnetic cabximekr provider l transverse pm% of the rho=. For each dec- 
tmn undidak, a fit d the trmsvent profile ia made to the ahape memmd in an 
electmn kst beam. ‘T%a x1 of the fit L used to diitinguiah electrona from hwirons. 
Tbe extrapoked trajectory meuured in the trrcLing chamber must &J pu through 
the cetser of the ahower pmfile. and the electmn’a energy meuud in the cdorimekr 
must agree with the momentum u meaured in the tracking chamber. Finally for ylme 
adyra, ~udt u in W and 2 decay, the electron L required to be iaoiakd. with little 
energy in any of the nearby ulorimekt c~lln. This pUrly ~pprara the background 
from hadron, which are urually part of jek and thpl are not Lolakd. 

A dekckd muon is &etched in Figure 17h. The muon pans through the led and 
rkel of the ulorimetur with an energy depaition eonsiatent with a minimum ion- 
izing particle (B 0.5 GeV quinlent in the electromagnetic compartment and - 2.0 
CeV quivaknt in the hadronic action). The muon thea puwr through the muon 
drift chambers, where the vaulting track stub must be condent with the extrap 
lard central tracking chamber track within the uncertainty due k multiple Coulomb 
rutk?in(. 

These chuged leptona look very diiuent than a hadma jet from the fragmenktion 
of l quark or gluon (Pi. 17~). The large number of hadmna in a jet producea many 
tracka in the truking chamber and a large tr-?se and longitudinal c&rimekr 
energy depaition typical of multiple overlapping hadronic case&. 

The ncutio of coume pama through the detector without interacting at alI 
(Fig lfd). Aa we will see when we get to W deuy, the praencr of l high energy 
neutrino L inferred from the lack of momentum balance for the puticla d&&d in a 
Fp coiliion. 

There ia one kchnique new to hadron collidu dekctom that could be quik imporknt 
in the future - wcondy wrta &k&m. It could hwe l ma@ impact in top quark 
phyda in wpuating the W + multijet QCD background from tt eventa which conkin 
two b jek in the final dak. The identiilution of the b jek caa aim help reduce the 
combinatoric problem rhea trying k reconduct the top decay in order to dekrmine 
the top my. Identifyiag the rconduy vertica fmm b decay will ofcoune &o greatly 
imps- p-speck fo? b phyda at h&on colliders b maon and baryon rpectrcuopy, 
measuring lifetima d b at&s, directly ob~ving the decay diitributionn from BB 
mixing, and perhap observing CF’ violation in B deuy. 

For the upcoming run, CDF b insklling a new verkx detector cotiting of four 
layen of rilicon dekckon loukd just oukide the beam pipe (Fii. 16). With atrip 
eiectmda on a 50~1 pitch, the paition resolution will be a 15~ (the akndud deviation 
for a square diitribution of full width W L W/m). This device will provide an impact 
paramekr resolution for large Py truh of ar 15~. to be compared with the typical 
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Fii. 16. (a) A she&h of the silicon vertex detector to be installed h tb* CDF detector. (b) 
The de-1 co&t# of silicon w&n biuni to pmdon . dcpktios Lyu with ekesrode, O. 
b SO@ pitch. (c) The impact plrrmekt for a track relative (0 the p&wry inkzwtion merkx. 

upeckd imp& paramekr for tracks from B deuy of 300/~. 

2. QCD Stndla 

6.1. Eucntid Fdwcr of QCD 

Before looking st the d&a. re will briefly review the fertura of the QCD theory of the 
rtmng intemetion. QCD h l non-delian local gauge theory with l three dimcmion~ 
gauge symmetry (W(3) of color) ia which the generaton do not cmmmtk. Tbii L 
to be contrwkd to QED, which is buck on invui~ce under a one dimensional 14 
phav mtation (U(1) of electric cbuge). % difference in the underlying ryntmetry 
pmducea a dgnificat difference in how the &en of the forca interact. In QED. 
the photon only inkrack with fermion- antifermioa pti beuuae the photon doa not 
carry electric charge. In QCD, on the other hmd, the gluonr do carry the color ehuge; 
the result L 3-gluon snd Cgluon vertices, m well Y gluon-fermi-a&err&n vertica. 

There ia by now s peat dul of apeciment~ evidence for the color degree of f&edom 
with three colon. 
- It L required if the amul rpin st&iha relation i to be m8intied for bwyons. Ia 
puticulu, the A++ a&aim $hrea u quuka with no orbiti UQIIU momentum in * 
symmetric S = 3/2 apin date. An ulditional degree Ot freedom ir needed in order to 
ant- the rwefimction tot that three identical fermiool. 
- The ratio R = “*>-.?“$‘?‘l depends on the sum of the guqu~ of the electric 
cbarga for d lypa?f q@u&,“hktue the hadmm M pmduced when a inkrmediak 

rtak virtual photon pmducu a quuk-mtiquuk pdr. The uperimentrl dab require 
that there be three distinct typa of quark for l wb gwor. Thii b ntidhd by bwing 
three colon. 
- Tbe uperiment~ crm section for producing lepton ptirs in bwimn mlliiionr i 
consistent with the predictioa of quark-antiquark annihilation when l f&or of l/3 i 
included in the MI a&ion formuIr Tbii h expected with calor SU(3), since 1) quuk 
CUL only wmihilak an atiquuk to pmduce * photon if the antiquuk has the sune 
color IU the quuk. Since there ue three colon, the probability that the quuk rttika 
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(b) 
Fig. 19. (a) A qouk viewed with l moderate (’ probe. (b) A hiah # probe might cakk the 
quark in . quantum dnc~~tiaa. 

a0 antiquark ot the same color L l/3. 
- The relative branching rati- of the tau lepka into leptau or b&mu agree with 
expectationa if each quark flavor coma in thtr colon. 
- The meanned r” lifetime agrees with the calculation of r” - quart loop - n if 
there are thrw quark colon. 
- Anomaly uacell~tion in alectromak interactiona L needed for divergence free ul- 
culatioos. The eudl~tion occun if, for each (encratbn. 

-rhii%%&d ?f%re are three quark colon. 
There ue a number of important general consequencea of the QCD theory of the 

strong interaction. First then b the evolution of the dructure foanctio~~. In the naive 
p&on modd. the &uctun functions, F(z), depend only on the Feyoman t of the 
puton and not on the (’ of the inter&ion. In QCD, howeva, there ir a (’ vuiAon. 
.4a the q’ of a probe incream, the spatial region or time inteml probed deaeawr. ‘l%ii 
raiaa the probability offinding a quantum tluctubon. For example, ifa modaak (’ 
pmbe obaena l quark. l high 9’ probe might see a quuk plus two gluonr that wwe 
virtually emitted (Fig. 19). Conaquently at large 9’ there L & smaller probability of 
finding a lup t P e quark or giuoo and l I- probahiity of Pa51; a small 
t quack or ghwm. Figure 20 shorn the mesared 9’ variation Ot the atructnre function 

PI. 
The evolution can he calculated quantitatively by eonaideriag didon graphs like 

that +I ?iFre 21. The inkmd canriatency of these paptU plru the cotimin~ of 
conservation of momentum and fermion number lead to the Altueili-Puti cvolutioo 
equationa [OJ. For rumple, the variation of the quark diatribrrtioa function with q’ b 
given by 

a = * I, * +)P”(f) + 2Nlj +(y)P+) Y Y 
, I 

where the factor in front of the bracket ia the vertex factor, Np L the number of 
quark flavon that can be produced, and the two iate@& correspond to the quark 
production in Figura 21a and 21~ respectively. The functiona F and C we the quark 
and gluon distribution functions. The rplittily functiona P UC &ulati for each 
radiation graph. For example the splitting function for getting & quark from a ;luon 



ti Phricr OJ Proton Antipwtm Cd/Won, n 

1 .o $.ld 

-h, 

2. 

lLN IXN 

0.1 

1CCd 

X 

Fii. 20. ?%I proto. Bttnctlm function h(r) for thee dues of 8. 

(4 (4 

Fii 21. Rdttion papha for c*ddiq structure function cvdntioe 



lh Phpiu of Proh Antipta cdIi8ioN 14 

Fig. 22. Chom pmpq&tor correctiotu thrt prodna (8) saeeaing sad (b) uti-screening. 

(Fig. Zlc) ie 

P"(Z) f * +2 + (1 - r)‘) 

while the; for getting e ghmn from e quwk (Fig 21e) bee the ueuel b-trehlung ! 
behavior 

4 1+(1-z)’ 
P"(r) 1 j 

( t > 

Another important feeture of QCD ie the cunning of the coupling cotutaat. In QED, 
vacuum poleriertion weene l puticle’e hue charge. Conequently the force on a M 
chuge grow feeti then f when probing clau to the eourw chuge (i.e. with e luger 
qf probe). a meuu that o&q’) innesla with incrming (‘. Ae we dell eee Ieter, 
thh hes been meuured, with o,,,,(q*) increming from l/137 at low g to l/120 et 
qa = hf;. 

QCD provida mechenieme for both eweming end anti-dg (Fii 22). The for- 
mer L produced by the fermion loop correction to the gluoo pmpyetor. in complete 
ando.g with the QED we. Anti-ecrecning ie produced by ghton loop comctione (0 
the gluon pmpegrtor. Whether planing or enti-weening domineke ie determined by 
the mung d types of ghmru (colon) end querb (9evon) that CIO be excited et . 
given q’. For WI SD(N) theory 

z&)=&j+ 

where JIO is tke renormelizetionpoint. For W(3), enotha commonnotetion ie to collect 
the constente in the two krme ahove end write 

1 
cr.(q))= yN% $ ( > 

where A ie the QCD eule puemeter. Note that 33-2Nr ie paitive for Nr=3.4,5. end 
6. Thus enti-wxeening domine+ end a,($) dewesra with increuing #. At emell 
q2 thir meam luge Q, end qtmrk conflnematt, while &t luge (’ it meene uymptotic 
freedom and the utility of using e perturbation upeneion. 

2.6. QCD in &P ColIi8iou 

The proton end mtipmtoa each contsine quuke, entiquerke, end gluone. A QCD 
scatting thue occurs Y in Figure 23. The obeerved diffcrentiel CIQ~ wtion ceu be 



la# Phpicicr of Proton htiptom c- 

Fi. 23. A hard urtkrin; between two m h l Fp mllision. 

written u 

do 

dz, dtp deoak 

where fl(r,, q’) ia the number density (not momentum density) in l proton ofpartonr 
of type i carrying momentum fraction tl, aud &r ia the differential sum section for 
partona of typa i and j to nutkr at an angle P in the puton-puton center of mu 
frame. 

An obvious leading order diagram b the #Won; intemction analog ofr+e- acatkktg 
(Fii. 24a). Howeva minc.c the gluon carriea color charge ud therefore inkrack with 
other gluona, there ue othu lowest order t-channel diagram (Fig. 24b,e) u well aa l 
channel diagrm (Fig. 24d,e). The s-channel diagrw knd k give small contributions 
beawe the hard scattering cmea section has a factor 

(aa in Rutherford a&ruing) where q ia the Cmomentum carried by the pmpagstor, 
and 9’ in typically much luger in channel diagram than in t-chaw~d d:y;ama. 

Tlw three t-hnnel diagram have dilfacnt weighk due to the numbu of colon of 
gluon# that can be exchanged aad the number of colon of quul that can be produced. 
A quark-quark-gluon vertex hu . verkx fackn !o.. while . thm gluon vex .hav 
strength 30,. The other di%rence among thae diagrama ir the angular distnbutmn. 
The hard rutkrin; M .&ion can be written Y 

da 

dcorp= 

f(r) *a? 

i (1 - corP) 

where f(P) dependa on the graph. For example, it ie *(3 + coa’S’)* for the p J - 9 p 
diagram. Aa we will yd in a moment, the angular distribution L dominated by the 
Rutherford pole in the denominator, and thou the awe me&mu for the gg, gq, and 
qq initial staka aI1 have a aimilu angular dependence. The consequence of thL h that 
the full Fp crow a&ion can be written aa 

do = f(+dP(+,) da 
dzl dr,dcoril’ tl zy dcore 

(1) 
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b) c) 

d) e) 

Fa. 24. Ia.dig orda d@runr for puton-put~e utktiq. 

where 

w = W) + ; [w + WI 

Here G, Q, end g ere the totel gluon, quuk, end eatiquuk momentum de&tie, 
and the ; b l coruquence of the ;qc end ggg vertex t%cton. Note that C invatiancc 
require thti P(L) = H(z). 

If thii picture of perton elvtic wattling t cmmct. then luge q’ evenk l hould 
predominently conkin two luge PT jek, the fiegmeatetion produck of the lutknd 
putone in Fii. 23. The aperimentel jet Anding elgocithm L imp&u& eince the jet 
energy ad drc Y wdl Y the numbu of jek in en event depend on the elgorithm. 
CDF[~~~litheclruruic+d,rhichir~ulorimcrubrari(hCr~~wcd 
tower thrahold. (E+ z EeinO ie enentielly the wne Y & = PdirJ except thet the 
meaeurement comee &om the ulorimekr rdta then the treeking chember.) A cone 
of helf engle R in (I - + epece (typically 0.7) b drswn emuad the emd tower. The & 
reighkd centmid of the towere within the torte becoma the new &eke c&mid. A 
new cone ie drewa, end the proca ie iterekd until the dwkr ie identical efttr two 
ruccaive iteretione. 

Bdmn jek ue cdy amtt in high energy Fp +Alihu (Fii. 25). To eee if jek 
dommexe, let ue coneider the obeervahla H, 18). 

M,=mEr 
2-G 

N, I &(hrgmt ET jet) + &(eecond lergat ET jet) 

cJ% 
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Fii. 25. (a) A dija -8 in the CDF &ie(csnr. I’hc & L shm for e&d ektmm~aetic 
(did) d hdmmic (lm8hd) CabrimekI (OweI @) A three jel cmt. 
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CDF PRELIMINARY 

Fig. 26. The jet fi tactions for large c.Er CDF events. The rotid liaa come Cram the 
Herwig pazton shower Monte Carlo. 

Distributiona for the first folu If,, variables from CDF events with C & > 400 CeV 
[9] are compared with theory [lo] in Figure 26. HI peaks at 0.5; Ha peti at 1.0 with 
a tail; and Ifa peaks sharply at 1.0. This is consistent with the leading order QCD 
diagrams plus the nut to leading order correction in which a hard gluon in radiated 
from one of the scattered partow (Fig. 25b). 

23. Dijet Prodrclion 

The CDF inclusive jet crow section [ll] is shown in Figure 27. The theoretical cd 
culation uses quark and gluon distribution functions mewned in Dther processes like 
deep inelastic czattering, with IX, and structure functions evolved to q’ = Pj. The 
agreement between data and theory over 7 decade is’exccllent. WA1 wed equation 1 
and theoretical calculationa of the hard scattering crw section to extract the effective 
structure function, F(x), from their data (Fig 28) [14]. If it is assumed that the jets 
are produced only from the scattering of quarks. then the prediction is much too rmdl 
at low x; thw gluon scattering ia required. From this comparison, it is also clear that 
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Fii. 27. (a) The CDF inchin jet - section compared to a thrcticd cakdatioa [12) u&g 
the HMRSB strmtwe fnxtiom [13]. (b) The difhcna b&mea the data and thcor~ shorn 
on & lineeu r&z. ‘IX mtiatioa in the theoretical prediction rbn the atnctnm fmactiou UC 
haged L abo hwa. 

UAl UAl 

,mr ,mr 
0 0 0.1 0.4 0.1 0.4 0.6 0.6 0.8 0.8 

x . x . 

pi. 28. Th &ctive stvxtare hnction, F(X), LI meuud by UAI. F@ 28. l’he &ctive stvxtare function, F(x), LI meuud by UAI. Tb The 

with a nnmk of thnxeticd cdcdatioru. with a nnmk of theoretical cdcdatioru. 
data ue compued 
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Fii. 29. The UAl jet mgdu distribution compued to tbeoretic~ pavdicGa8. 

quuh domiaak at large x while gluonr dominate at amall X, as upeckd givm the 
bremsstrahlurtg origin of gluonw Also if the theoretical prediction uaa the ntrocture 
functiona aa meuured at low q’ without evolving them CO 9’ = Pg. then the result L 
much larger thao the data at high X. 

We can also look at the jet angular distribution. VA1 data [15] are ahown in Fig- 
ure 29. Note that the prediction for qq, gq, and gg lcatkring are very aimilu; they 
are dominakd by the Rutherford pole. The rat& would be &k difkmt, howeva, 
for an abelian scalar gluon thewy, where the propagator would have lpin 0 os l/2 but 
not 1. The large coca ltetion variation due to the Rutherford pole maka it difficult 
LO dii how well the data and theory agree. Thii effect can be removed if another 
anyla? variable L ud. 

1+ core- 
x = lDC& 

g _ (I-~;a’.)’ ds 
dcorO- 

The CDF attylu distribution b shown in Figure 30 1591. There h gwd agreement 
with the QCD prediction. 

2.1. Mulfjc! Pmdrcfion 

Beyond leadingorder in the perturbation expansion, additional diagramaappeu. There 
are diagrams. like verkx corrections, with additional inkmd lina (Fig. 31a,b,c) u 
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COF PRELIYIWRY cuLaam6sffI 
STlrIfllc& Lmms chr 

do 
dX 

3 

Fig. 30. CDF data 01 the jet aagulu distribution compared with a QCD cakulatioa. The 
data contain dijet eren” with Al,, > 200 &VI?. 

Q. 31. Hiia ozda conutio~~ to the leading ordu pu(o=-g.arton -1t-k 

well u diagama with additional extenml lina like glen bremrtrahhmg (Fii. 31d.e.f). 
The latter diagmm should produce 3-jet final data, ham a acu &ion down by a 
factor of - o, relative to the !&jet cr01 a&ion, and have a bramtrahhmg l&e third jet 
energy distribution (recall the Altueili-Parisi rplitting function P’*(r) - A). Figare 32 
shorn the ratio of 3-jet to 2-jet event rata for WA1 data [II]. A# Lxpeahb the ratio L 
= o,, and although statistia are limited, the data ir cotit with a runniag o,(g). 
The data have been corrected both for the low of 3-jet evenk due to the spatial overlap 
of jek and for evenk in rhicb the third dekcted jet -aa due to a fluctuation in the 
parton fragmentation or in the underlying event. Both WA1 [lfl and WA2 [18] have 

wed the 3-jet to 2-jet ratio LO deduce 0.. 

KS -0, = 0.22 f 0.02 l 0.03 
& 

N’Al) 
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Fii. 32. The UAI ratio of the 2-j& k Z-jet craa sections u a fumtion of the mahi.jet mtu 
of mu energy. The lina correspond (0 diRerent choica of the 3-jtt # se& 

= 0.23 f 0.01 *cl.04 W-42) 

where KS and KI ace the colrectionr (‘K fact&) for the uaulcnl&d higher order 
diagrams. 

To look for the expected bremastrahlung like diitribution, one can study the energy 
sharing among the three linal rtak jek. By convention, the parton numbering acheme 
haa the initial s&k puton that L more (1~) energetic in the sip rat lrame denoted 
1 (2). In the cenkr of mu frame of partons 1 and 2, the three outgoing pukns am 
labeled 3,4. and 5. where 3 im the mot energetic and 5 i the least energetic. Figwe 33 
show tbe jet energy fmctiom X3 and X4, where Xi f >* in the cenkr of mu 
frame of partonr 1 and 2. The leading jet (p&on 3) urna - energy thra 3-body 
phav space would predict, Y expected in QCD rince tbia jet did not radisk l gluon. 
The came i true for tbe next to leading jet, since although it did radiate a gluoa, 
that glum ie typically very loft. Since Xt + X, + XS = 2 and jek 3 trU 4 have more 
energy than predicted by phue apace, jet 5 hu la energy than phve npac.e ptedick, 
aa expeckd for a b-tnhlung product. 

The variabla P and d’ used to describe the &jet anylar dietributiona UC ddlned 
in Figure $4. As expeckd, thq CorQ distribution pe& at 1.0 (Fii. 35a), beuuae. u 
in the 2-jet we, t-channel gluon uchaage dominaks. Tke V diitribution (Fig. 3gb) 
peake tovmd 0’ md 1MT beesue in that region jet 5 can be claa in angle not oaly 
to jet 4 but &a b jet 1 or 2. Thou there are large coatributiotu hem loom the initial 
stak &on bremrtrdduq dia&ram. 

Beyond leading order in QCD, the inclusive jet differential crom vctian dependa on 
the cone #iirc wed in finding the jet chskn. For leading order diagrama, a long u the 
cone ir large enough to contain the parton’s haironic hagmenk, the & in the coot 
will not change. Thw the value of the abscissa in Fig. 27 where WI event ia plotted doa 
not change. For higher order diagrams that contain bud Juan brewtrahlung, u the 
duskring cone gek larger more of the brems.trahlung produck are included in the 
cone. Thus tke b of the jet incrersa. and the event ir plotted st & Iargo value of the 
abrcisu. Thii bar the effect of inwearing the differential craa uction, &. Figure 3g 
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‘I 

shorn thii for CDF data [2!Z] and a nut to leading order calculation[W]. Tbc data 
and calculation have the nme trend, but the dak increua romewhat more rapidly u 
the ame W inc-. It ia expected that the predickd slope would be luger if more 
gluoru rue allowd to radiate (QCD diagrama beyond nut to leading order). 

2.5. Large Pf 1, W, and Z Pmdwlior 

The strong inkraction can aim be Wdkd with a large Pr 7, W, or 2 in the final stak 

(Fig. 374. ‘l%e utility of that p- for studying QCD comes from both an a-per- 
imental and a thexetical aimplifiutir:. Tke upuimcnti dnntye L that the 7, e, 
and p detection et?iciency and resolution ue straightfonrud to evaluak. This contruk 
with quuh and gluotu for rhicb multihadmn fragmentation sod iti dlect on detector 
remlotion u well u the dependence on clurkting size due to Jnon b-tr8hlung 
mtdt innxiau qstematic dittlcultia. From l theoretic4 point of view, vector bmn 
production hu simple, hi&r order corrections; the nut to leading order diapuru 
M of order 4, to be compared with jet production where the corratioru are of order 
of. Thi mm fewer diagma~ and inkrferencc kmu to c&&k. 

In the CLY of photon production, :b.-rc is ti experimental complication that tisa 
from the branmtrahltmg diagram (Fig. 37b) in which the photon L not produced at l 

hard rutkriag vertex, but b radiakd from one of the scattered partons. The difficulty 
b that phota idcatilkation runally requires kolation (no energetic hdmlu nearby), 
and thw the size of the b-trahlung diagram contribution depend on the detaib of 
the 7 isolation mquimment. Howevu. by impwing a rather strict isolation requirement, 
the effect of the bmrmrtrahlung diagrama can be minimized. 

Figure 38 ahorr the UAl [24] and UA2 (251 photon production M aectioo. Note 
the similarity of the cmm section shape to that for jet production. Thii refkk the 
common proton atlucture functiona as well = the dominance of the similar 2 - 2 hard 



lh Phyricr of Preton bliprotor, Colltiiar 

R . R . 
Fii. 36. The dependence of the indnaive QOY section on the ndiua of the dusterin cone. Fii. 36. The dependence of the indnaive QOY section on the ndiua of the dusterin6 cone. 
The next to leadin ordu caknktionr have bea made for a number of chdccr of the tenor- The next to leadin ordu caknktionr have bea made for a number of choice of the remor- 
m&aiom Dcak. m&aiom Dcak. 
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Fii. 37. (.) Ledins order di4ram for large PT rector beax production. (b) The photo* 
bremutrrllna6 di4ram. 
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Fii. 39. (a) CDF photon production czou section compared (0 theoretiul pmdictiea.. (b) 
Data divided by theory on. linear uale. 

scattering d&tame. The photon data agree well with the order ~fo.~ ulculetion [‘La]. 
CDF hu me&wed the photon crone section at fi = 1.8 TeV [a. Figure 39 showe 
good agreemat except at the lowest Pr where the bnmmtrahlung diegruru make 
the largest contribution and where the uncertainty in the etcucture function (gluon 
= < 0.02) b largest. WA1 [28] hae obeerved the di17erenr.e in the jet end photon enguler 
diatributiooe due to the propegetor epin (1 for jek, f for photons). Figure 40 ehowe 
qmcment between data and the predicted behavior. The prediction includa the effect 
of the . 35% Z background in the phctoo date ample. 

UA2 hu mevured o,(M&) by comparing the numbere of W + 1 jet md W + 0 jet 
evenk (201. They find 

o.(M&) = 0.13 f 0.03 l 0.03 l 0.02 

where the Ant uncertainty ie rtatietical, the eecond in due to urpaimcntd eyekmatia 
such u the dekctor’r ja energy de, the underlying event, end uncertaintia in the 
structure funetiooe, and the third ie due to uncertaintia in eetimeting the higher order 
conectione to the theoreticsI ulculetlor. 

3. Studies of the Electmweak Force 

51. Ovtmitw of Ibc Standard Model 

The electroweak interaction is produced by local gauge invariance under the gauge 
group S(r(2)r of week ieospin x lJ( 1) of weak hypercharge. The elementary fermiooe 
are in left handed week ieodoublek and right handed weak isoeinglete. 
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where the right handed neutrincn are p-t if the ncutrina have rat mu. Tbe weak 
eiputater den&d by primes M related to the strong eigmrtatea by the CKM matrix 

(5)=(i) 

v+ $ 5) 

The genuatom or gauge bow- M 

w; wj w; SW) 
4 U(l) 

The inkmtion Lagmagia~~, Y in l lectromapetiun (Li,, = eAC. JL), hu the gauge 
field6 coupled to the fermion CIUMU, 

k”# = nJ,.W,+giJ,YB, 

when Jr L the fermion we& tipin current, md J,’ ir the fermion weak hypercbuge 
current. With the crud definitions of raising and lowering opemtors 

zf o[ t’ f ir’ 

this becorns 

fits, = 
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where the Ard km is the charged current and the rat in the neutral current. Tbc 
connection between electric charge, weak icapin, and hypercbuge 

a= rt+u 

o* ita current quinlent 

JEN L = r;+r; 

and our korkdge of the electromagnetic term in the interaction Lyangian 

dENA, = ” e(J; + J,Y)A, 

allorr UI to And the lineu combinations of K’: aod EL that conapond to the photon 
(A,) and the E’ (2,) 

w, = yg)p 4=* 
Thin givs 

&.I = 3[J;W,++J:W,,-]+ mJ:-.&JfM 
1 

+$)$y JfEYA, 

= 3 [J; W; + J,’ W;] + -& [J: - #i&v J.“‘] 2, 

+93 ridw JfYA, 

where ilukad of g, and g,, we chose to ue 9, and Bw. The weak ur&, eW, L defined 
through tan8w = 2. 

We can r&k g, and ew to the phydcd conrknk e and CF which have been 

g+dw i c 

d Gr 
0Md = 3 

The latkr mmea from the requirement that C’C at q’ 3 0 reduce to the Fermi four- 
fermion inkmction. These equationa cm be rewritten to give the mu of the W, 

M$ = 1% 1 1OBN 
p s = s 

Since the W md 2 mama UC produced by the Higga mecburtim and the Lagranq~ 

temu in which the W and 2 inkrut with rhe iiiw have coef6eientr g? and h, 
the 2 maa ir given by 

= $9: + Jr:& = ra,5rr 
~GF,in’Bw cor’8w 
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Fig. 41. Eewy quark loop corrections to the (a) W and (b) 2 propyeton. 

So lu we have only considered the lorat order electm~eak dTute. To this order, 
three experimenta inputa ue needed to fully specify the electrod nectar, for exam- 
ple OEM, GF, and MI. 

Tbc dominant radiative correction rault~ from neuum poluixrtioo loop in the 
propageton [30]. Tbii produces e running of the couplifig conntanto, ga(g’) and g,(&. 
It deo further eplitr the W and 2 meewe if there exe heavy fermion doublets with 
large maw splitting, because the loop correctiona (Fii. 41) have different kinematic 
supprerion. The W sod 2 masea can be written u 

A# = $&MI) + o;(Mz)b: 

where v cornea from the Higge vacuum expectation value. AJ before, 

since in beta decay GF in the square of the coupling cooetent divided by the propagator 

C’.++ 

In hat order, VI ie the same aa VW, but in higher order 01 b modified by redietive 
correctiona. The effect of thee cormctiooe can be dauihed by 

2 
p~3Y= hf: 

9: hqctd9w 

where SW ir the weak mixing angle defined aa before, but now in temu of the running 
coupling constante. The dominant correction ie due to the top quuk loop which giva 

Vj=V$- z!!!t 
327’ (2) 

There in dao a reek logarithmic dependence on the Eigge mar that ia not included 
here. The resulting exprrseion for the Z mau is 

M: = fhwv) + 92wv)) (& - 3) 

2-L%) 
- ( 

1 !!?!L 
= rinVwcorVw x - 326 
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Fit. 42. W decay into Iv in . Fp collision. 

At tbii level, four experimeotd inputa ue needed to specify the electmreak sector. 
For example with og~, GF, MI, and one other (Mw or ein’bw), the vdua of m, 
and rin’8w or Mw can be predicted. Me=urin( theee would provide a tat of the 
Staodud Model at the level of the elcctmaeak radiative corrections. 

3.2. The WMUJ 

UA2 [31] and CDF [32] have produced the lint precision m ealuremenk (- $6) of 
the W mu. Tbii ie a dificult meuurement becane of the neutrino ia the Rnd &ate. 
Aa oppowd to the leptaic decay of the Z (2 - I+/‘) in which there are two well 
mewmd particla with a weU understood resolution function, the leptonic decay of 
the W (W - A) yielda one wdl meuumd particle plw the nmtrino. Since the 
neutrino dw not inktact in the detector. ite momentum can only be inferred wing 
conservation of momentum. Figure 42 ehorn a Fp &ieioo producing hedmaic debtie 
plue a W that decaya into Iv. Since the initial Fp state hu zero net momentum, the 
find rtak must elm have no net momentum. 

CP,‘O 

A+P.+ c P=O 
h- 

P, = -R-&P 

In principle this can be maawed well. In practice there are two major diicultiee. First. 
only the tmMveme componenk of P. can be caleulakd, becam in badron collii~ 
signiflunt longitudinal momentum caa be cuxied by pa&la going undetected down 
the beam pipe. Second. the energy raolution for the nentrino ia much worse than 
for the cbuged,lepton, and the raolution function ie diicult to meuure. Tbia t eo 
because the dekrmizmtion of P; (actually & in the calori+er) &pen& oo the 
measurement of the tranaveme momenta of dl other pa&la, charged end neutral. 
produced in the event. Moreover, the energy reepoaw of detectors is not perfectly 
linear. Thue the signad produced by many low energy particlea ie not the eeme ae that 
of a eingle particle with the same btd energy. 

In order to understand the measurement of Pi, l variety ofrtudia have been carried 
out. 
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Fii. 43. (a) ET. and (b) ET, for CDF minimum biu eventa. (c) The raolnlioa in .&I. u l 

functh of the met w&x ET. 

- An event sample obtained with a simple Fp interaction trigger (minimum biu data) 
wu used to study the resolution in the & bdance for the underlying event, the loft 
hadmnic debti produced dons with the W. Fiye 4&h rhows, for minimum biu 
l venk. the II and y componenk of the net I& 3 z &,, where the mm L over ail 
cdorimeter cells and & h directed from the in(uaction vertex to the dmimekr cell. 
The mean L zero Y it should he, and the re+olution ia plotted versa the net Zulu 
Er (3 C l&J h Fig= a~. 
- To minim& the dependence on higher ordu QCD W production diagmms u well 
as on jet bagmenktioa, both CDF aad WA2 ratriet their data umple to low Pr WI. 
CDF remova evenk containing hadron jetr with & > 7 G&‘/c; WA2 u&da events 
in which the recorutruckd Pr w is ‘mkt thao 20 G&‘/c. Even with thae rattic- 
tiona, there remain lorex energy jek recoiling againat the W. Both gmops mewwe the 
ulorimekr rapome u a function of hadmn energy so that the detector rapowe to 
the recoil jet un be correctly modded. 
- If the Pr of the W is to he correctly meuured, the cdorimekr energy depaikd 
by the charged lepton mu& be separated fmm that due to the recoil j& aad under- 
lying event. Thii rquira understanding the transverse siaa of the lepton depaitioa. 
If the lepton energy is properly removed, E$ + JE: should agree with L dwlatioo of 

-ChdlUlSG both par&l and perpendiculu to the charged lepton direction. ThL 
comparison is shorn for CDF data in Fii 44. 
- Much of th understanding and modeling of the detector’s hadron reaponas can be 
checked by studying 2 - 1+1- evu~k, which we kinematically similar to W evmk but 
in which rk rreotrino is replac&d by a well mesawed charged lepton. The comptin 
of dak to the prediction of the dekctor model for WA2 is shorn in Fii rS. 

Tbe my d the W t obtained from the shape of the transvene mu dltribution. 
‘lIaasvene mu is the three diietiond andog of the four dimeosiood invariant mu. 

MT = Zp’PJ(l -ear A+“) 

ahem Ad” t the arimuthd reparation between the leptau. The transverse mam must 
be used becauu P: ir not meawed. The expected shape is simulated as a function of 
the W mu, and a maximum likelihood fit to the data atsblisha the W mans and ik 
uncertainty. Figure 46 #hors the data aad the expected shape for the bat bt mar for 
both the WA2 and CDF sampla. Tbc high mLp Idling edge, which i moot wnritive 
ta Mw, is well modeled. As a further check that the detector modeling wed ia the 
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Fii. 44. Pmjectiou ot the net hdmnic vector Er pualkl to and perpaiicdu to the cbyed 
kptom in CDF (a) W - ev ud (b) W - pv eruu. The cut-vu are the predktiow of the 
detector eimul~th. 
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Fig. 45. Momentum balance ia the r) direction in WA2 2 - e*e- event& (a) Definition of q 
direction. (b) Dar distribution compued with the prediction of the detector model (c) The 
cmmhive dhiiutioa. The dotted and dashed lima show limita of the dekctar modd wed 
for usignimg qstemaic uncut~tp. 
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Fii. 46. Trmwerae mm dktribntiou for (a) WA2 W - l +e- (b) CDF W - e’e- and (c) 
CCF W - fi+ti datr CCF W - fi+ti datr 
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Fii. 47. Campuiwn of data aad detector modeiin# (a cub type of kpton L W decay. 

man dekmination k correct, the data and predictiona for the leptoo Pr spectra ue 
compared in Figure 47. 

The resulta of the mana measurement rre qwkd with #tatirtiul, ryltematic. and 
wale uncertaintia. The major JOUICCI of ry~kmatic uncertainty ue the detector 
hadron and miuing fi nrolutio~, the shape of the W Pr spectrum, and the protin 
structure functiona. The uncertainty in the dekctor’r energy scale in quoted wparakly 
because it cancel in the ratio of m- meaaurcd in the same detector. The UA2 
rault b 

Mw = 60.79 f O.Sl(rtat) l 0.2l(syrt) f O.Sl(scale) cc@ 

They reduce the effect of the large scale uncertainty by measuring the ratio of the W 
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and then using the prectiion LEP value for MI to (yet 

Mw = 80.49 l 0.43(stat) f 0.24(ryst) CeV/~ 

CDF raultr from W - ev and W - j~v decay: are 

Mw = 79.91 f 0.35(stat) l 0.24(ryst) l O.l9(scale) &V/c’ (W - l v) 
Mw = 79.9of 0.53(rtat) f 0.32(ayst) f O.O8(K&) &V/Z w - WI 

Tbe CDF magnetic spectrometer haa a mdl enou&h rcrle error ao that crlculatittg 
Mw/Mz and normalizing to the LEP MZ produces a slightly luger overaIl Mw UD- 
certainty due to the large statistical error in the Z rarnple. The tinal CDF result after 
combining the two sampla ia 

Mw = 79.91 f 0.39 G&‘/c’ 

‘Ilie CDF aad U.42 resulta ue consistent. 

rJ*a MW - tiwD’ = 0.58 f 0.63 GeV/c’ 

The combined WA2 and CDF result h 

M,$DF+u*~ = 80.13 f 0.31 GA’/.? 

What does thL tell u1 about the consi&ncy of the Standard Model? Five qua&- 
ties have been measured aecurskly: GF and OEM in beta decay and atomic phyk 
uperimentl, 3f1 md rin’Tw at LEP, and hfw in Fp experimenta. A global fit to the 
Standard Model qustiona can be done with the overall x’ indicating whether the data 
an cowbknt with the theory. We will not do that here. Rather, for pedagogic v&w, 
WC will make l few eomparkms of data and theory. 

The meawed W mw can be compared to the predicted value u&g 

and the qua&k 

GF = 1.1664 x lo-‘ GeV-’ 

&MI) = 128.8 (f0.2) 1331 
rin’zw = 0.2318 f 0.0011 WWP4 

The Standard Model prediction and the measured value arc in good agreement. 

Mr = 79.07 f 0.20 G&‘/c’ 

,i. w - - 80.13 f 0.31 GcV/c’ 

M$? - Mr = 0.26 f 0.37 GeV/c’ 
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Alkmativdy m can turn thir wound and uy the meuured W mu to deduce the 
value of the fine mucture co&ant at 0’ = MI’. 

au(Mv) = 
J? TCFMJrin’Jw 

a,h(Mz) = 128.0 f 1.2 

Tbia in 7.5 o aray fmm the kw q’ value of 137.0. Thur within the coekxt of the 
Standard Model, the fine structure cot&ant L obwrwd to nm. 

We can &o place an upper limit on the mu of the top quark ruing the Standard 
Model formoliurt. The p parmekr can be calculated fmm the v&a noted above plru 
the LEP Z mu. 91.17 f 0.020 CcV/# 1341. 

P=&=* Q: 
f 1.006* 0:309 

Thii plsca a limit the top quark mau when we uy the cormtioa to ox (equation 2). 

P = 

P* = 133 GeVlZ (149 if Mww = 250 GeV/2) 

Mts < 228 Get+ QQQ%CL 

These numben are rimilaz to thou obtained from LEP me-menk of the Z mu, 
the Z partial widths, etc. (mean value of 142 GeV/$, 90% CL limit of 200 GcV/g 

WI). 
S.S. C&bye Asymmctticr 

In W and Z decay, the decay angular dirtributionn in the vector boaon rest frame are 
sensitive to the weak coupling. When viewed in the laboratory frame, thee diiribu- 
tiona also depend on the proton buctum titttctiotu. 

S.S.I. qi- e+e- 
The c+c- ftod ,tak can be produced by either. virtual photon or. ti. Ttms the QOI 
section contairu three terma corraponding to qf - y* - c+e-, qi - i? - etC, 
and ut inkrfumca km. If the meyurement L made tteu the ? +, the 7 Lam 
ia wry rmdl. Moreover, the iakrferwtce term chm(a a&n - the rmonutca; thtw 
the inkgrakd &et - the raorwtce ia smd Therefore it ir tbr ? kmt that 
domiaaks, aad the M section can be mitko u follow. 2 

2 = I[(# - Mgt M$)] 
[(v.’ + a:,# + a$?)(1 + cozq + .9r,o.o,.,cod] 

rhezi : z.al a are the vector rad tialvector cbuga, and 0 is tbc a& between the 
quark and the e-. Nok that the ccc@ krm ia the mkrference betmast the vectot and 
axialvector curratk and b explicitly parity violating. The angular dltrihtttion thou 
CM be written u 

1+ co28 + + core 
8v.o.o,0, 

= = (v? + o.‘)(v,’ + a,‘) 
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Fii. 48. (a) The nr anpht dktribetion for Z decay in CDF data (b) The distribution &fta 
corrcainl for tk dekctor uocptaaca. 

and the uymmtry u 

A= 
~;~dcm0-~,~dcoad =g 

I:, %d-* 
.9 

In Fp collikw, the quark almat alray coma from the prokn. Thus there ia little 
ambity in the at& 8. Whet differentiatea tbia merrurement from euily measured 
uymmetria at LEP (r+e- - #JI-) ia the dependence on the light quark weak 
chugen. Howwet beuw the weak vector charge of the dectmn ia proportional te 
4 rin’8w - 1, which L eke to uxo, only a luge deputore of the light quark weak 
chuga from apectationr would produce aa observable d&t. 

Tbe angular diitribution in 2 decay for the CDF data [SS] L ahown in Fire 48. 
The meuured uymmetry in the 250 event CDF sample is 

A = 0.0s f O.O59(stat) f O.OM(rpt) 

From thii the weak an& t dekrmix: t.~ Zc 

rin’& = 0.229~:~:+t) l O.O02(8pt) 

Thi ia conaieknt with the much more pmiv nlua of tin’& meawed in o&u 
procema et LEP. 

3.3.f. w-w 
The charged cnment b pure V-A. Tbu the anylu dktribution in W dcuy followa 
from rimple hdicity ugumenta Figure 4% showa the production of a I+‘+. Sina the 
I quart almat alraya corn- fxom the proton and only I& handed fermione and ri& 
handed entifumione inkrut via the charged weak interaction, the W+ ir produced 
polarized in tbc antiproton diition. Cauerntion of an@r momentum in the decay 
cauaa the ptitron ~4 be emitted preferentially in the antiproton direction. Similarly 
the electron fmm W- decay ten& to be produced in the proton diition (Fig. 49b). 
Tbii raultr in the decay anylu distribution in the W rat frame 

p& N (l+cone’)’ 
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Fi. 49. (a) IV+ and (b) W- pmddioa and decay ie Fp inters&me. The doebk armwe 
indicate the qia dinstiom. 

where #- h the en& between the electron end proton or between the pairron end 
antiproton. 

In order to kateform into the W rat tame, P,’ ia needed. Although it can’t bc 
messwed diily, the cowhint 

MI: = (4 + E.)’ -(A + P,)’ 

can be ueed to c&x&k P:. Unfortunekly l qudretic embifity ratmine. At CERN 
Collider enu@ze, the correct eolution ie mat oBen the one with the lowar P,w. Fig- 
ure 50 shorn WA1 date in good agreement with the V-A prediction [sa]. At Fermileb 
energy, both dutionr are qnik probable beuuee the Feynma x of produced W bmne 
ie eo emell. Thus CDF muet look et the ez@u distribution in the Ieb frame. Am e 
structure function &et prodnca an symmetry 1-5~ than that from V-A end of the 
oppaik sign. In the proton, the w quark momentum distribution, u(z), L harder than 
the 1 quark diitribution, d(r). Thue a W+, produced from J aaaihiletion, knde to 
he moving in the e ot proton dire&m. Thii throwa the decay produck of the W+, in 

puticuler the l +, in the proton direction. Thur the structure fnnctione mm c+ to go 
in the p dire&i end e- to p in the p direction, opposik to the V-A helidty &et. 
Figure 51 Howe the CDF W decay uymmetly in the lab frame [3q. The asymmetry 
A(q) ie de&d u 

49) = ( ) 
s+q -0-q 
s+(d + +I) 

where r) ie the peeudorepidity (I) = -In Iant), and the + (-) crae e&ion conkinn 
evenk where the product of the lepton chup end the peeudorapidity ia > (<) zero. 
The data M conrieknt with the e to d ratio in meet of the modem sek of structure 
functiona. 
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Fii. 50. The UAl W decay aqthr dkttibuth ia the W rat frame con,pad with the V-A 
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Fi5. 51. The CDF W decay an5ular diitribution in the lab hme compued (0 tbeorrtkal 
cxpecktioM lot l anmbet of sets of proton ItractIArC functioms. 
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3.4. The W Lifelime 

The lifetime of the W een be deduced from the ratio of the production crm eection 
tima breading retie for W - ev and 2 - etc. 

R = oB(W - 4 
d(Z - cc) 

Thii quantity ia relatively free fmm experimental aystemetic uncettaintia, since unca- 
teintia in the inkgrated luminaity of the date sample, ecceptence, ttiaer efficiencia. 
etc. lugely cancel in the ratio. Writing the branching ratio u the partiel width over 
the totel width, R get 

-w+xrw~ecvrz 

- z + X)IyZ - cc)r(w) 

The ratio of the production c- sectiona ia well predicted by QCD and the kaorn 
structure functiona (38). . 

o($$-w+x 
r 

@p-z++) 
= 3.23 f 0.03 @&= 1.8TeV 

3.20 f 0.07 aD 6 = 0.63 Tel’ 

The putiel width of the W b l etandud chuged current calculation 

r(w--rv) = 223.6 f 0.3 MeV 

end the 2 ridthe heve been measured et LEP [34] 

r(z - ee) = 83.2 f 0.4 MeV 

r(Z) = 2.485 f 0.009 Gel’ 

Vdua for R heve been measured by UAI (391, WA2 (401, and CDF [41]. 

R = IO.23 y (stat) f 0.4 (ayst) CDF 
;:mh w l 0.25 (~4 UA2 

WA1 

Using thin and the quoted value for the ridthe aad the c- vctioa ratio, n get 
forthcfuUuidthoftheW 

rvv = 2.11 f 0.19 GeV CDF 
2.28 f 0.21 Gev UA2 
2.25 f 0.27 GeV (IA1 

Since the dominsat uncuteinty ia etatieticd in each caee, we can average these vslua 
IO obtain 

r(w) = 2.2Of 0.12 Get’ 

The total W width is seneitiv_ to any open W decay channel beyond ~2, ci, LY, pv, 
and IY. For e.~emple, if W-0 tb mere kinematically dlored. then the prditkd r(W) 
would increeee. Although tb would be an open channel only up to M- J 75 Get+‘, 

thii mearumnent b still important. Unlike direct top searches, tbii one ir valid no 
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Fi9. 5% The world waye W - CY invuv brrnchiq ratio b shown u the data point 0. 
the right. The Standard Modd prediction Y . fuactiom of the top qnazk m” i shown Y 
the adid line. The upuimutd 9’3% and 95% cor&dena levd limits a~ sbm with duhed 
lima 

metkt how the top quark decays. for uample top decayinS into a charged Biw 
which then decay9 into ci. Such decay schema eontin no i4akd lepto~l and thw 
would be miwd in the direct top quark searcha. 

In ordu to set a top quark mas limit, we .&-ulak the invem branching ratio 
r(w)/r(W - l V). Unlike r(W) done. thL ratio should be independent of the prr- 
ciw value of Mw. Moreover. there in l gaumiln uncertainty in the invm branching 
ratio mince it L proportional to the number of 2 eventa obwmd, aad the #t&tied 
fluctuation on iV9 dominata the uncertainty. The three collaborations find 

* = 9.44f 0.85 CDF 

10.20 f 0.94 UA2 
10.05 l 1.21 UAl 

Average : 9.84 iO.56 

The maultin km limits on the tap quark man are (Fig. 52) 

> 51 G&‘/c? Q9o%CL 

> 48 GeV/t? Q 95% CL 

indep&-n! d how the top quark deuyr 

3.5. Lepkr Uniwcndit~ d q’ = MJ 

We know from I - Iv decay, Y deep inelastic ratkring, and the r lifetime that at 
lor to modemk q’ the charged current coupling to the leptonr (g,, or, 9,) are rp 
ptoximakly qud. Since gauge coupliny nm, it ia interesting to compare the couplin(l 
corntank at large 8, rpecifictiy at q’ = M&. For the neutrd current, LEP raulk 
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Fii. 33. The , lo~likdihood for the VA1 data (histopam) armpad 
a c Moata Cub (did carve) and k WA1 jet data (dubed am). 

(0 the prediction from 

on the partial widtha of the 2 to ce, ~JI, and I+ confirm lepton universality at the 
- 2% level. 

For the charged current, we timilarly compare the partial widtlu of the W into 
bpt.OltS. 

r(w - rv)/r(w - pu)/l-(W - ev) = g,‘/g,‘/r.’ 

At hadron c&den, r identification i a diicult problem. The leptonic decay@ of the + 
cannot be wed becatuc W - ZY - CYYY cannot be separated from W - CY. Tbua one 
ir forced to look for haIronic r decay TL~& L quite diEcult becawe of the monnoul 
coca a&ion for QCD produced jet background. 

WA1 (421, WA2 [43], and CDF [44] rely on two importmt event clwactetitia to 
sepurte the signal from background, the large mising ET in & - W 4 ZY - 
hadroan + Y + Y, and the fact that + decay produca numr, low multiplicity jeta. 
For example, UAl forma a z log-likelihood function bawd on the riw of the jet, the 
angular upuation between the highest Pr track and tlw jet ti, and the chuged 
particle multiplicity (Pii. 53). CDF i able to contim~ that ita signal ia indeed from + 
decay by looking at the track multiplkity 3ktribution (Fig. 34). clurkn from T decay 
should have matly 1 or 3 prong. 

The resulta from the threa group8 are: 

UAl : 949. = 1.01 f 0.09 f 0.93 
Or/O. = 1.05 f 0.07 l 0.08 

U.42 : 9rl9. = 0.997 f 0.056 f 0.042 

CDF : o-/9. = 0.97 f 0.07 
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Fii. 54. Number of trub h a 10. cone uopnd the crater of the r dusta for CDF data. The 
background subtra&ed data ue compared to a Menu Carlo prediction 

The UA2 and CDF reaulta are preliminary. Tbe combined result for W decay h 

k = 0.99f0.04 
9* 

in agreement with leptou universality. 

4. The Surcb for the Top Quart 

This ia purely an experimental quation of the strategy for searching for tbir Y yet 
unobserved heavy fermion. I will praent in detail the metho& employed by the mat 
vnritive experiment, CDP [4g]. At the end I will summarize the raultr from UAl and 
UA2. 

4.1. Intmbdioa 

Within the context of the Standard Model, the top quark must exist. The b quark must 
have a putner line it ha l mevurcd weak irorpin of l/2 (451. Morrovu, anomaly 

canceilation requires th& for each generation 

N.qu~ti4i+ c Qi = 0 
I.ptom 

Thin faih for the third generation unItsa the top quark exista. 
The search for the top quark hu been underway since the bottom quark wu dii 

covered at Fern&h in 1977. The initial guesl for the top mlul -I 15 &V/cl bd 
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Fii. 55. Top quark production via (a) W decay and (b) gInon Won. 

cm the apparent geometric propcslion of the quark m-: M, (0.5 &V/2), M, (1.5 
GeV/c’), Mb (5 GeV/c’). Since that time there hlu been a steady incnuc in the ex- 
perimental lower limit on the row u #horn in Table 3 (481. The Fp limit from the 
W width was presented in the previous section. Here we till consider the direct top 
quark sewho. 

Table 3 
Lower limiu om the top quark my 

In Fp collisions, there am two major top quark production mechaaimu Y shown 
in Figure 33, from W day aad through gluon fusion. The W hy diyl~n onlr 
contributea ignificantly if A& < Mw - M, II 75 GcVf$. At 4 4 1.8 TeV, n 

production through gluoa fuaioa dominatea fof all A& (Fig W) [4fl. 
The decay of the top quark in the minimal Standard Model occurs via the charged 

weak current, t - Wb, with the W real or virtual depending on the rip quark mu. 

gg - n’* ww + we 

Each W decaya with a btanchiag ratio of 1; inia each generation of leptonr, and l 

branching ratio of 3/9 (due to color) into ud or ei. The all hadronic Rnal rtak hsl 
the largest combined branching ratio (4/g), but the 6 ripal would be ovuwhelmcd 
by QCD production of multiple quark and gluon jets. 

Thou in order to obruve a signal above background, at least one W must be rquiwd 
to decay into leptons. We will first consider the case where both W bomlu decay into 
leptons, one into CY and the other into /IV. Then we will look at the final rtak in which 
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Fii. S5. Top quark production + (a) W dacy ud (b) glwa f&. 

on the appuent geometric propevion of the quuk m-: M, (03 GeV/z), M, (1.5 
GcV/$), Mb (5 GeV/Z). Since thrt time there hu been l tidy increva in the u- 
perimeati lower limit on the my Y rhoro in T&le 3 [Js]. The Fp limit from the 
W ridth WY presented in the prwiou~ e&on. Here we will cowida the direct top 
quuk wucha. 

TIbk 3 
Lowu limita 0. the top qmh PY 

In pp colliionn, there ue two major top qupk productioa meclmnirm, Y shown 
in Figure 55, from W day md through gluoa fusios. The W deuy div only_ 
contributa 6gnificmtly if hfw < Mw - M, a 75 GeVfs. At J;lf 1.8 Td’. tf 
production through gluoa ftuion dominam ti ti A&, (Fii W) [47J. 

The deuy of the top quark in the minimal S-dud Model occora via the rhbuged 
weak -t. t - Wg, with the W rerl 01 virtual depending on the top quuk mu. 

gg-ti-ww+we 

E&I W dcup with & btmching r&o of l/j into euh genratioo of kptonr. rad l 

branching ratio of 3/P (due to c&r) into ud or ei. TJc AN hadronic 6nd skk hu 
the lugeat combined bmacbing ratio (4/P), but the tt Ignd would be warhelmed 
by QCD production of multiple quuk md gluon jctr. 

Thw in order b okan a rigad above b&muad, st Icut one W muet be required 
to decay inte leptous. We will lint cousidn the - where b&h W bceonr deuy into 
Ieptoonr, WC into CY utd the other into TV. Thea we rill look at the ilarl rkk is which 
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Fii. 56. Expected tep quark pmductioa M eectioa ie jF coDisiov at both CERN ud 
Fermilab l aecgim. 

one W decays ink CY with the other W decaying into quarks. Finally we will consider 
exteneione to both of theee raw.ha. 

4.2. ti - epx 

The decay cheia 

tT- WlWi- evbpvi 
provides the fineI ekk with the lowest background. Unlike the liagie leptoo moda, 
QCD production of W + jete doeat’t contribuk. And unlike the decay into two elec- 
trone or two muone, there ie DO backgound from the pmductioll of T*, Ze, J/#, or T. 
The major background 

99 -bi-CW-u, 

prodwee relatively low PT leptone. Another pcaible background, W pei! production 
(97 - W+W’ - tv~~v) doan’t have a crow section competitive with tt for Aft, S 
150 GeV/$. Pcaible background from 2 - 77 - cvvpvv an be l uily removed LL 
we shall ~cd. 

It ie important to nok that large Pr charged leptone protide a good signature 
becauee they can be cleanly rperakd from the much more abundant charged hadrone. 
Figwee 57 end 58 show the electron and muon selection vwiabla for W - Iv evenk. 
The hadron background in rather flat in these variebla. The detection eWciency for 
high Pr electrona or muona incident on the active put of the dekctot ie 75-95% 
depending on the crikrie used. 
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Fii. ST. Discributiou fmm W - ev crcnto d vuider wed IO rba datrou. The ar- 
TOUS show the buth of the ud cnw. (a) The ratio of the ubrimeccr a~ IO the 
track momatmt. (b) T&e rdio of enugia depodted ia lhe hdmnic ud datmmapetic 
cdorimebm. (c) A vuiahk that daoii the t,a~- ti of the ubtimetu shower. (d) 
hfabzhiq bet- the ex~rapohkd lrlct and the lhorer centmid in the aaimmthal direction. 
(c) Ma&q berweem tie attqdded CT& ud the ahorcr catmid h tk beam diiioa. (I) The chiqmm ftw the mmpuiwm of the tranaveme shower ahaps with t&I mcuured im u-tatkur 

Fig. 58. Distribution Gout W - pw rrentr of tibia wed to rkct IIIOQDL (a) The dilkmna 
between the extrrpd&d trach from the central trskiq cbunbet ud the location of the ttvL 
stub L the mum cbut~bu. (b) The dikence in slope between theextrqolted track ud the 
rnmm chamber crack #tab. (c) The total fi in the cabtimetu ceil through rbich the rnwx 
P-. 
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Fii. 59. Ekctm1 ET MPI rnwa~ Pr for Monk Cub dmuktioas of (a) 40 &V/Z top. (b) 
60 GeV/c? top, and (c) k&g ordu 6 production. The bcatba d the nta that will be 
applied to the data UC &wa. 
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Fii. 60. Miaiq ET dkttibatknr from (a) 80 G&/2 top and (b) 6 Monte Cub am&a. 
Note the dillueacr in the missiq ET w&a for the two &za. 

There are a number ofnriabla that are useful in wpuating signal from backgwund. 
- !& of the &&oo and PT of the muon. Top decay pmduca lup Pr Iepto~. while 
6 bukpoand pmduca leptona with much lowa PT (Fii. 59). 
- The miming fi in the event. Eventa from ti production have lup miming Q due 
to the two luga I& aeutritm. Bottom eventa, on the other hand. have small missing 
fi bwuw the rquirementa of large E+ aad Pr select the region of the b dray D&r 
plot when P; ia rmdl (Fii. 60). 

- The azimuthal angnlu upuation, A6 ‘fl, between the electmn and the muon. Top 
eventa would pmducc a braad A)‘# distribution because of the large maa of the decay- 
ing mcnnr. Bottom production ia cbsracterired by peab near 0’ and 180’ (Fig. 61). 2 
decay, 2 + w - CQW, producu a peak at 180’ beurue of the low I ma. Figure 62 
shows these expected diitributiom. 
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Fig. 61. (a) Tbc kw order di4ra.m for b prodnctio~ producea b qaub 180’ apart io 
azimuth. (b) The gluon splitling next to leading order di4ram pmdwa b qnuk# vety dew 
in uitnnth. 
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~ii. 6% The expected ry uimathd wpuatioa for (a) aa 80 GeV/? (0~ q.ul @I c P- 
duction. ud (c) 2 - rr - WYI. 
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Fii. 63. @bon inolatioa in Monk Carlo srmpb of (a) 26 GeV/? top, (b) 70 Gel’/2 kp. 
ud (c) 66 e-k. 

- Lepton iaolrtion. The isolation of an electron cao be cbarackrised by 
I = E&ate, RI 0.7) - Eg 

Ei 
where &(cone. R x 0.7) ia the transverse energy depaikd in the cslodmekr within 
a cone of raditu 0.7 in q - 4 space centered on the electron. For top decay (t - Wb - 
evb), the large top mam caulk in a luge separation between the e aad b and thou aa 
isolakd electron. In bottom decay (b - eve), the electron h much &et to the chum 
quark and thun lea iaolakd (Fig. 63). 

The CDF cp data rue wleckd solely on the buia of E+ and 4. Fii 64 shorn 
why the requirement on both variables was > 15 GeV. Only one b) bvLmund event 
wu upeckd &ove that value for the inkqakd luminosity colleckd by CDF (4.1 
pb-‘). Figure 65 show6 the CDF dak. The bulk of the dak loolrr like b& production 
(compare Figure 65b,c,d with Figure 60,62, and 63). Howeva them i6 one event with 
very large E+ and 4. The chuactetitia of tbir event are given in Table 4. The event 
could be from tj decay, but it could just u well be l background event. With only one 
candidate, paitive identiilution ia impasible. 

T&ale 4 
Cha~krktio of the top undidak event. Calotietu ET i# ucd i, tLe Pt cdwnm for the 
ekctmn ud jzt clrukrs. 

CDF calculated the upper limit on the ti produciioo cm action wing the C&P 
lakd detection efficiency and Poiaaoo rtatiatiu baaed on one observed event. loclud- 
ing the event without performing a background subtraction b cowmtive since it 
raina the calculated cr01 section upper limit. Also included in the calculation are the 
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rn - b;; 

Fi6. 64. Monte Cub predictban for the event zatu Y l function of the miaimwn kptoe Pt 
accepted. 

ayetern& uncertaiintia from kpton identification &ciency, the cdcul&ed Pr diitzi- 
bution for fi pmduction, the top quark fragmentation function, and the uperiment’m 
intepsted luminoeity. The 95% confidence level upper liiit on the coca e&ion Y a 
function of the top mu ie ahown in Figure 66 along with the next to leedin( order 
theoretical prediction [4fl. The IIILY limit b t&en where the upaimentd upper limit 
c- the lower end of the theoretical prediction. From tbie, CDF concluded that the 
top man ir guter then 72 GeV/c= at the 95% confidence kvxl. 

4.3. tT-cv+jek 

The final atate containing a eingle electmn plw jet6 

fig - if - Wh’b - et&b 

hu a combined branching ratio 6 tima luger than that for the CJI llnal etak. There ue 
however expuimentd diWcultia that complicate tbie uuch. For Mw S 120 GeV/?, 
the probability of detecting all four quark jetr ia small because the b quuke have low 
energy and uxwquently don’t appear jetlike in the detector. Thii forced CDF to ur+h 
for euenfr with UI electron, miaeing &, sod at 1-t tm jete of o&wed & > 10 
Cd’. 

There are two major eourcee of background. The production of b quuke 

99 -ib- cv?qic 
produces low fi electrona and neutrinos. Moreover this background ten be reduced by 
requiring the electron to be ieol&d (Fig. 67). In this andysir, ieolation ie defined u the 
!& in the calorimeter celle surrounding the cell bit by the electron. The more rerioum 
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Fii. 66. The ap~+~ limit 0, the ti production - edion from the CDF r, wuch. Abe 
,hm k the ant to Lad+ order cakuktion of the cm se&on. 
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Fig. 67. boktion for et&my with & < 20 GeV (b&3), a umpk IbU shoti be tugeb b 
decay. The lolid cane k. Y Monte Carla prediction, and the bh(qrun k . 15 CeV/ti Iop 
predktio~. The exca data in the lint bin k doe to r&dual W ud Drell Yu mata ia tha 
SMP*. 
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Fii. 66. Diiun pmducing w + 2 + 

Fii. 69. Ekctmm lh mxma mksiq ET tar (A) CDF e + 2 2 jel sample. (II) 10 GrV/2 top 
Monk Cub, and (c) W + 2 jet Monte Carlo. TLe a&d (d-hat) line cotzapond (0 the baa 
(tight) cntl that ue applied to lhc d&u Tkc trigger requirement. rr > IS Get’. ban bea 
applied. 

background ir due to the QCD production of W + jetl (Fig. aS). TbL background 
cannot be removed by aimpIe cuts because the event cbuacterislio we no rimilu to 
that of a top quuk @aI. Ralha a sldslicd method ir employed to mpuak signal 
from background ia the Anal sampk. 

The dala in the c + 2 2 jet ample are &IWO in Figure 69~ Tbe concentntion 
of l vcntr at low mining & and electron fi near the trigger threshold is due to 
rba bb background. The Aid line in the Rgwe rep-tr a cut designed to remove 
mart of this b&ground. For very high lop quark mu (> 65 GcV/c’), l tighter 
cut (dashed Iins) L uazd to further reduce background. Figure 69b aad c ahor the 
expected dttributhu for. 70 G&‘/c? top quark and the W + 2 jel background. The 
top signal L coucattrakd at lower EIT and mirsiqg Q than the W background beeawe 
the top quark decaya to a virturl W when M ,,, < Mw + Mb. Thus the invariant mu 
of the find rkk ev L la than the W maa, and the transverse momenta of tbc c and 
Y sre smaller than they would be for the decay of an on-shell W. This ttatmkta into 
an CY ttuuvene ma diitribution that ir softer than for the W + jet background. 

Figure 70ashows the data along with the expected ahapa lot signal and background. 
Tbe data ir contiknt with pure background. Thii conclusion dependn on an accurate 
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M :’ mv/c’l M ;’ (W/C’) 

Fii. TO. (a) Th CDF CY trruvene IBY distribution for e + u+ 2 2 jet data. Tke solid 
carve k the i,hk Cub W + 2 jet skapc The expected diatribrtioa fat L 70 Get’/? tap L 
hmm by the dashed cmrve. The dotted cwve L Iha #am of the o1h.s two amu. @) CDF 
e + Y + I jet data compared to the Moata Carlo expect&m for QCD W + 1 jet pmdwtiow 

dmulation of the background transvur msr diitribution. The rimulation can be 
checked with l similar data aample in rbicb the top quark contribution would be 
very small. Suck a umpk, c + Y + 1 jet, ia ahorn in Figure 7Ob. ‘IIN agreement 
between the data and the background simulation i excellent. The vumption that 
the c + v+ 2 2 jet data umplt in entirely QCD W + jet background an be checked 
by looking at l numba of other variabla. Fiim 71 lhorn the 2 jet invariant mu, 
the tranweme momntum of the LY rpkm, and the rrimuthal and rapidity rpuation 
between the two jeta. In each caw the agreement between the data and backgmaad 
*mulJioa L iselknt. 

To obtain tka top contribution for l given top mu, CDF Rta the tnnrvvr mu 
spectrum to 

dN 
- = aT(M+-) + BW(hf+y 
dhf+” 

where W(M+‘) and T(Af+‘) are the ah- of the W background and top signal ttw 
wet mu diiribotiora rapectively. W and T are normalizei 10 that a = fl= 1 for 
the QCD predickd QQ e&ma. The raultr of the fit are a and # abag with their 
uncertaintia. Table 6 giva thee nrulta for dil?aeut ueumptione for the top quark 
mem. 

The data am conebkat rich the QCD W + jet prediction alone, which hu aa overall 
tbeoretiul namalii uncertainty of 30 - 66%. The resulta of the It M combined 
with the systematic mxataiatia to obtain the upper limit on the t? production aom 
section. The major systematic aourcu ace the detector jet energy wale and intevakd 
luminaity, &mg with the die&a of the underlying event, initial #t&k gluon radiation, 
and tep quark fragmentation. Tbc 95% confidence level uppa limit on the cram section 
in shorn in Figure 72. At the 95% confidence level, the top quark mu mumt be 
> 77 GeVfc=. 

4.4. Ezitndtd Dilepfon Sear4 

Although the cp final state i the cleanest dilepton channel in which to vuch for the 
top quark. the cc md ~JI channela alao can be wed. In extending the dilepton watch, 
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Table 5 
Ranka of the trannvene man fits to the e + v+ > 2 jet data &an5 with the statistic.i iii 
IlnCdGHiU. 
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dare ample, along with the next to leading order rhmretical pradktb~. 

we increav the acceptance for the 99 - d- /+I- and Z - +v - l+P backgmunde. 
More important, however, L a new major Y)\UCC of background, 7’ end Z - I+/‘. 
Much of the 2 be&ground can be removed by cutting out the dilepton invuient mm 
rmge 75 c Ml+,- < 106 GeV/c’ (Fig. 73). In addition, we heve to make uee of the 
other diiriminante mentioned earlier, miming ET (I!+) and Abe’ (Fii. 74). The 
requirementa M 

&>20GeV 

20’ 5 A+Fr 5 160’ 

A6 rbm cu Figure 75, them are no additional eventa in the dgnei region for the 
extended dilepton top eeucb. The combined top mu limit from the dikptoo eacha, 
ep. ce, end /ga, ie Mt., > 84 GeV/$ at the 95% confidence level (Fig. 76). 

&S. Ezfcndcd Single Lepton Search 

The technique employed in the l + Y + jetr search cannot be wed fan hi mu top, 
since if Aft- > Mw +hfb, the W horn t - Wb ia onshell. In thi ur, the CY trawvelbe 
maso diatributiolu for rignal and background are identical. Thur another diiriminant 
is needed. CDF cboee to&ok for a b-quark in the event. Top ever& have twu 6 quuke 
in each event (ii - WbWb - et&g or +A$), where= the QCD produced W 
+ jete background rarely containa b quarks Here the b quuk b tagged through ite 
semileptonic decay into a muon; b - Poe OCCUR with e 10% branching retie. The 
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pi. 77. The d&arm L q - + space between a low euv muon cu3dak ud the domat of 
the two hi& Pr jeta ia (a) the I or fi+ u+jeta data aamp*, (b) .90 C&‘/g d Monte Cub 
runpIe. 

aingle high Pr lepton umple (e or p) w*u rcuched for the prama d UI wlditiond 
muon with & < 15 GeV/c. The upper limit on F$ wu placed both because muona 
from b typically have low energy and to avoid double taunting with the dilepton ep 
and pp uucha. A low Pr muon candidate aim hd to be outaide the rna~ of radius 
0.6 (in q - 4 space) cenkred on the two leading jeta. In top decay, that jeta would be 
from the hadronic decay of a W; the h quarka ue not usually near them jar. Tbii cut 
haa the advantage of greatly reducing fake mnon undidrta. Hdronr can fake muona 
either by penetrating the ahmrhu iron or by decay in tlight before enkring the iron. 
The large hadron multiplicity in jck make the fake muon rak near a jet care rather 
large. 

Figure 77 ahorr the disknce between the low energy maon in an went aad the 
nearat of the two hi PT jeta. There are no events with R > C.G. ‘ihe CDF top 
mu limit from the combined extended diiepton and extended dnJa kpton ruchea 
ir (Fig. 78) 

M,., > 91 GeV//z Q 95% CL 

1.6. Top Scuchu d Llc S@S Collider 

WA1 searched for the top quark in a number of channel [49]. For tke p + Y + jeta And 
skk, they aeskd l likelihood function ta diitinguisb a top signal from the QCD W 
background. Four vuiabla were included: muon irolation, muon 9. miaing &, and 
the azimuthd wpu&xt between the muon and the highat & jet. Fiirr 79 #horn 
the log likelihood diitribution for the data along with simulationa d the background 
and a 50 GcV/c’ top quark. From this sample, they found that A&, > 52 GcV/$ at 
the 95% confidence level. 

UAl also wed 8 likelihood function for their dimuon uuch, with variablea P,L, 
muon isolation, and the arimuthd oeparrtion between the two muons. They found 
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M,, > 16 GeV/Z at the 95% co&d-we !evd in this channd. When they combined 
these lcucba and their earlier work, they ret aa overall limit Aft,, > 60 GeV/$ at 
the 95% confidence kwl. 

WA2 performed a aucb with their ample of eventa contdning LO electron. miring 
fi, aad at lwt one jet with & > 10 GeV [So]. They fit tke ev truwerae mu 
diitribution ti a mm of QCB W + jet and top contributiona (Fii. 80). The resulting 
limit from UA2 ie Aft, > 69 GeV/Z at the 95% confidence Ievd. 

5. b Phyriu at Ha&on Collid- 

Heavy tlwora provide a window on many important phyaia imum. The production 
pmcem, pp’ - 6X, L l t&bed for QCD cdculatioru since higher order diagwm 
make a large contribution hem and there are a large number of aala in the problem 

1511 

Moreover, the future of electrowe& studia using the & tyrkm depends on the value 
of the k.td a011 wtion (how many b quarka can be produced) and the differentid 
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coca wctionr (bow ethcicntly can the econd b in aa event be kgged). With aufficjent 
numben of b quarks, rignificant l lectzoweak rtudia can be carried out. There include 
EB mixing and rue B decaya to obtain information about CKM matrix elemenk, 
the vucb for forbidden decay8 to investigate uknsionr to the Standard Model, ad 
hopefully CP violation in B decay where CP asymmetrica may be large. 

5.1. b Prodwtior 

For b production via leading order QCD diagrama (Fig. gla,b,c), the b and 6 have 
equal and oppaite transvene momenta. Valence 97 annihilation (Fig. 81~) dominata 
when 2M/JL 0.1. At Fermilab Collider energies, tbii condition ia latintied for heavy 
top quark production but not for b production. When 2Mb/fi < 1 (it L 5 0.005 at 
Fermilab), the tw*gluoa initial rkk dominates, and higher order diagrama (Fig. gld,e) 
can give a huger contribution tbsn the leading order diagrams. Tbir h due to the large 
gluon deruity at amall t. the increased color factor at a 3-gluoa vertex, and the c- 
section enhancement for diyama containing t-chumeel vector ucbange. 

The dominant higher order diagrama are gluon splitting (Fig. gld) aad flavor exci- 
ktion (Fig. glc), which arentiaily ia initial state gluon splitting. Understanding that 
higher order production mecbaniamr h important for at leut twc rwera. First them 
ir the theoretical interest in undentandiig higher order QCD pmceua. Figwe 82 
shows the dependence of the - a&ion on the renormalization aule [52]. Note that 
contrary to the usual expectation for well behaved perturbation exptio~, the de- 
pendence is dronger when the next to leading order diagrama are included. This may 
be due to the large next to leading order contribution sod the resulting need to include 
yet higher order diagrauu~iin the calculation. Second. there ia the implication for Bavor 
taggins the mud b in 6b events, since the PT and rapidity cormMom between the 
b and b ue quite d&mot in the leadinborder and the variotu nut to leading order 
diyuru. The pmpect for meuuring BB mixing and studying CP violation at hadmn 
collidera tblu dependa OD. undentanding the b production mecbanimm. 

Tbe major experimental challenge in doing b pbyaia L wpuating b eventa fmm the 

(0) (b) 

Fig. 81. (a,bc) Leadi order b production di4rmu. (d,e) Next to leading order diagram. 
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much more copiolu light quark background. Since the lugat b bruxbing ratio into 
final at&s without a neutrino k only a few percent, mat of tbc atndis so fu have 
concentrated on inclusive final statea. We will Ant consider inclusive kpton mmpla 
where the major cbaIlenga am separating moderate PT electrona and muotu from 
misidentified hadrow, and detemining the chum, W, 2. and y’ caattibtttiolu to the 
data sampla. Than we will look at the analyaea of data sampla mntining J/$ - 
p+p’ where b production mut be separated from other aowces of J/# such Y x - 
J/+ + 7. Finally, we will consider the recent reconstruction of uchuive final Jkta in 
b decay. 

5.1.1. Incluiw Ltptom Chmclr 
Tbe study of 6 production at badma collidera - initially carried out by the WA1 
collabo&ion [SJ]. Tbeix primary b pbyda data ia the indtive muon umple, cbam 
because the thick WA1 h&on absorber allowa muon detection in and MU hadma jeta. 
Unfortunately I aad K decay in the jets pmduca l large backpound. Of their 20,WO 
eventa with Pr > 6 GeV/c. appmximately 70% are background. Tbii fraetioo drop 
to 35% for P; > 10 GeV/c. A WA1 focw ir the 10 < P; < 15 GeV/c range where the 
decay :&xound k manageabk and the contribution from wonancea (W, 2, y’, J/+, 
T) b small (- 6%). To upuak bg from cE, they define the vukbk Pi’ I PLain8,,d 
where B,,, k the &ogle between the muon and the nearat jet. Tbe_luger b maa radk 

in a larger qt. Figure 33 shorn the VA1 data fit to a sum of bb, e?, and r/K decay 
contributions [54]. The WA1 result on the fraction of 6 i 

11 

5 

N,; 

N,i + NG 
= 0.76 l 0.12 
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in agreement with prediction. 
A Monk Culo ~imul&an in used to convert the mewwed muon differential coca 

section, da/dP& into the b quark pmduction cm section, ds/dP#. ‘l%e ~imulatioa 
oars b jet fmgmenktion, &eptottic B branching ratios. aad B decay kinematica Y 
meslured in c+c- disiom. Figure 64 thorn the rehtionrhip b&rem the olwewed 
rnuot~ Pr snd the parent b PT . Tbe vaulting 6 clol section, integmkd ow the central 
three unik of rapidity and over PT above tbe w” plotted, is &own in Figure 85. 
The dk agree ml1 with tbe next to leaSag order QC!D c&ttl&oa. 

CDF wed ik electron d&k aample to study b production b]. The advantage in rd- 
atively low bar&moon& tidentilled electrons and onidentifIed guama conve&ru 
conr~ituk . 30% for pr > 7 GeV/c. Tbe dhdvaatqe in wing dectmtu L the 
difficulty in identifying electron within jek. However tbir meetly a&k the chum 
contribution rather than the b signal. CDF deck ik dectmn umpk with & > 7 
GeV/c hued on the tratuveme and longitudinal rhorex shape, the agreetned between 
the track momentum and the calorimeter energy, and position matching of the ex- 
trapolakd track and duskz centmid. In addition. identified gamma convenio~ M 
removed. Figure 66 show the electron PT spectrum. The shoulder above 25 G&f/c L 
due to W and 2 decay. W bcana are eluily removed by requiring that there be small 
misling & in the event; evenk are removed a 2 contamination if the dectmn and 
another high PT (rack have an invariant maw near Ma. The electron ~pectrwn afkr 
W and 2 removd ia thorn in Figure 87. Tbe ahape agrees well with &at predicted by 
ISAJET plru the CDF dekctor simulation. Note that charm i upeckd to contribuk 
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3-1596 depending oo the electmo PT 
AJ for UAl, the relation between the P; and pr spectra ie obtained from l Monk 

Carlo study that inoxporata the radk from e+c- colliders. The CDF coca section 
ia ahorn in Figure 80. The data tie somewhat above the upper end of the theoretical 
prediction. 

Independent evidence that theee inclusive lepton cvenk we indeed from b decay 
coma from CDF [56]. Theiz high nsolution tracking chamber allowa them to eeuch 
for resonances ne; <he electron. Since B meam remileptonie decay ueurlly producea 
a D muon in the final skk, identifying l D near the electron would confirm that the 
electron wu produced by B decay. Figure 898 shon the B decay diagnm. Note that 
the K and the e have the same sip electric charge. CDF looked for D - Kr in a cone 
(Rs1.0) around the electron. Figure 90 showa the L? peak when the c and K have 
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the same Ggu, but no peak when they have the oppcaik sign. The number of evenk 
expected in the 00 peak is 67 f 20; 75 f I7 UC oturved. Figure 91 showa that, for 
evenk in the # puL, the cKr invariant mu doee not exceed Ma, u require&if 
theae are decay produck of l tigle B maon. 

CDF deo looked for the &up correlation between the electron and l K from the 
decay of l K’. The quark decay chain b - c - a trmslata ink the muon decay 
chain 3 - l DX - c-K’X - c-K-*+X. Thu the electron and kaoo muet have 
the eune ign charge. Thie i to be contrukd with aa electron from eC production and 
decay, cc’ - (Tar-PT. Here the a ead T bwe equal probability to hgment into l K’. 

Thue one would expect appro%imakly equal numben of same aad oppoeik sign eK 

pain. Figure 92 rhom the KS invariant mu spectrum for the same sign and oppaik 
sign cK eve&. As expected for l data ample that ia rich ia ) quaeke, l K’ peak of 
the correct maguitude is seen in the same sip sample, but no peak appun in the 
oppaik sign #ample. 

One lut check coma from looking for 4 - KK near the electnxu (Fig. 69b). 
Obviouely there ie no charge coml&n to look for, but re can compare the rate of 
4 mmona ohaewed in the incluaivc +&on aample and a control sample, electrona 
from identified photon convemio~ (Fig. 93). A meam peak at the 0 man ie eeeo in the 
inclusive ektmn sample, while it ia not observed in the control aample. These tak alI 
give comidena that the incitive electron dak sample indeed is largely horn b decay. 

5.l.t. Incluioe Jf$ Chenecb 
B decay into inclusive I/$ maone, b - cW’ - c% - J/*X. with the J/* detected 
in the p+c- mode suRera from a very small combined branching ratio 

BR(B -J/$X) x BR(J/~ - p+p-) = 0.011 x 0.069 = 8 x lo-’ 
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near electrolu im a phokn convenion sample. 

To compenuk, there ue two &ankga to thie mode. Dimuon dekction pmvida l 

very clean I/* signal with little background. In widition we shall we that the majority 
of J/$ memos come from B decay. The only other dgrhicsot uwrce of J/ti h radiative 
decay of QCD produced xI. A xI can be produced from the annihilation of two gluone; 
at Icut three gb~one muet armihiiak in order to directly produce l J/$. 

The CDF J/6 trigger requirea two muone each with 9 > 3 &V/c. The dimuon 
msr ape&urn for this dak let show l I/+ peak with very little background (Fig. 94) 
157. The fraction of I/+ coming from either B or x. decay L dekrmined independently 
from inclusive J/ti production and f.mm exclusive final rtsta. For the inclusive analyeis, 
the fraction of J/$ that cornea from B decay (E F) can be determined in a relatively 
unbiued ray from the ratio of the indueive J/J, croa sxtion to the inclueive +’ cmm 
w&ion. It ie amumed in thL anelysie that $’ ie produced entirely from B decay, since 
xc cannot decay into +‘. Figure 95 shorn the $’ signal. There ue 72 f 17 evenk in 
the peak. l’hL giva for the ratio of the +’ to J/$ pmductioa M eectione 

- = (4.2 f 1.0) x lo-’ 
dJ/N 

When compared with the r& of the 13 - +’ to E - J/rb branching ratioa meuured 
by CLEO [Se]. (6,g A 2.5) x lo”, the CDF result translaka ink 

F = 64%f 15% (CDF M) f 5% (syat) f 23% (CLEO stat) 

for the fwtiso of J/$ coming from B decay. The largeat uncertainty L from the CLEO 
skthtia on the fl brauching r* the aecnnd lergest ie due to the CDF fl l ktiatia. 
Both of thev ebould greatly improve in the next year oe two. 

5.13. Ezclwiwe Final Slrlu 
CDF hae alsoltudied I/+ production by reconstructing exclusive X* and B final rkta. 
To find the former, X‘ - J/$ + 7, CDF looke for isolakd electromagnetic clueten of 
e > 1 GeV with a transverse shower shape consistent with that of a photon [59]. 
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Fii. 97. (a) l-be CDF J/+7, J/+ L~tm~dil[-a.Thc~~m~bscro~- 

n-.x plus smcdh ba&ronad, and the Aid histqnm L tbc data [ton the J/d sideband,. 
(b) A Monte Cub simnlatio~ of. &al from ~1 ud XI pmdwth. 

The bat raolution for the J/h resonance ia obtained by plotting the dieraw 
between the J/lp, and J/$ invariant maua (Fig. 96). In 1hi.a flgnm, the uncomlad 
backpound L estimated by reanalyzing the event aample a&r revasing the dition 
of each I/+. The b&ground not ruodrkd with I/+ production can be atimated 
using the p+p’ mu tidebaa& above and below the I/$. Fii 97 ahorn the data 
and the aideband background, Y well u a Monte Carlo simulation of the signal for the 
appropriate mixture of ~1 and ~9. The peak in the data clearly ia due to recomtructed 
XC - I/$ + 7. From the number of observed events, CDF coaduda that - 30% of 
Jlrl, coma from xe decay. 

Excltive reconrtluctioa of B ~CBOIU ia carried out for two moder [So] 

B: - Jj$K” - JI$Ks 
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CDF looke io e 60° cone uound the J//J, direclioo for edditioael trecke. For the B. 
eearck, all trade with & > 2.5 &V/c ue coneiderod K undideta. For the Be, ell 
opposite sign treck pain from emong the three highat Pr tracks are tried; l peir ie 
used if the Kr invuiant mar ir within 50 Mel’/.? of the K” mam. Fipe 98 rhorr 
the iadividuel mees qclrr; the combined speclram ie in Figure 99. Vnlil there ia more 
date on final elate polecizetion in B - J/$K’ deoy (it &cte the dote&on Cmciency 
cakuletion), only 8 - J/+K* iv wed to determine the B production cnw eectioa. 
CDF fin& thet 5 70% of J/+ comer from B, consialenl with the value for F obteined 
in the inclueive J/$ study. The E cm section L ehorn in F&e 106. h with the 
data pointa from the inchive ekctmn umple, the data t wmerhat higher thaa the 
next lo leedii order theoretiul prediclioa. 

5.2. 8’ - p+p- 

B$, - p+fi- is. flww ehngirig neutral decay elked by the Skrrdard Modd via 
highu ordu clectroweak diaqmu (Fii. 101). The theoretical qmtatioru am 

Euz(* - p’p-) II lo-” 
8Jqiq - p’p-) PI few x lo-’ 

Tbe bat publiihed limit coma from CLEO end ARGUS [Sl] 

mp: - p+jI-) < 0.5 x 10” @ 90% CL 

VA1 hu l preliminary rcauk[62] 

ER@, - p+p-) < 1.0 x lo-‘ 

The CDF dimuon rpectrum is shorn in Figure 102 along with the #’ peek. Given 
the 72 obeened y evente md the combined B - #X - rrX brenchiig rrlio of 
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Q. 99. The combied CDF J/SK ud J/$r lpanr 

2.8 x lo-‘, the lack of a peak in the B region lrarulaka ink8 a bnocbing ratio limit of 

Ml 
x-2(@ - p+p-) < 3.2 x lo-’ Q 90% CL 

The limit would be much b&let if it weren’t for the drc of the bulqound in the B 
region. With the silicon vutu detector in the next CDF rmt, lbe bvtpound &Ad be 
greatly reduced since candidate tracks can be required to point (0 a rcondy vata. 

5.x go,l? bfi+ 

~~;heurin~,~ZLg,thetl~~~*ti~of*(q~into~rir.rcoDd 
order weak ptocm (Fii. 103). The diapanu with f quuk urhange damin& rad 
thw the diRerewe h&men &,z, mixing and B,,B, mixing coma from the CKu 
f&on, V;t, aad v,. Siic~ V, ia conaidusbly luger thro v11, B,,B, mixing Aould be 
significantly luger than 81, 3 d mixing. 

Mixing ie ch~ract&zed by 

’ = Prob(BO 

Prob(B@ - 2) 

- 9) + Pmb(BO - 3) 

where the phyriul range L 0 < x,,, d i (Fig. 104). The firat evidence for 83 mix- 
ing came from VA1 [g4]. However in high energy Fp colliden, both e and e UI 
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produced. WbJ L uturlly meslured L the combined mtin(, cbuwterired by 

01 

= ftxr + fax. 

rbere /d (/,) b the b&ion of Bi (e) produced relative to alI L maoru sod buyow 
tima BR(Bj, -. IX)/ER(b - IX). The St-dud Model limitr CIO be tated rbeo 
the h&on collider raultr ue combined with the meuurement of x, from e+e’ da- 
on the T(4S), which givclx( = 0.16 f 0.04 [65] (the T(4s) cmtaot decay into Sfx). 
With higher titistica sod #m&t #yatematiu thur *horn below, future vp raulu 
could extrut &r/V,.. 

Miring ia &died with l dilepton data umplc. beuuse if both B mesow-in m 
event decay ailcptoniully, the lepton ai- identify the p-t maolu u BB. BB, 
or 3x. It lbwld be noted. however, that there we other DJUICCI of leptons, mat 
notably chum. Tbc quantity directly mewwed in the Fp experiments b 

R= 
N(Pl+) + N(Pl’) 

N(I+l-) 

where WA1 - their ps ruaple [66] while CDF - ib cp mple beurue of the I& 
ot Drell Yut, I/$. sod T brckqound [67’j. UAl Iin& R = 0.42fO.07iO.03 utd CDF 
tin& R = 0.5Sf0.05fQ.04, compwed with the predictio~l of 0.26fO.Q2 (UAI l ncr6y) 
md 0.23 f 0.66 (CDF energy) if there were no mixing. Ckly miring L rquired by 
the datr The value of2 un be utruted fzom R wig 

R- 
ml-ii)N,+[(l-#+?]N, 

kI-sa+rlN,+2ji(l-j?)N.+N, 

NI L the number of eventi in which both leptona come directly from B decay. N, 
coot&a eveatr where one lepton comc1 directly tram B deuy and the other coma 
horn the sqoetid b - e - I dcuy. N. cwntr mntr in which the two kptons come 
Irom cc’ production. The qubtioa ~10 be undurtood if you note that ia the numerator 
the cdlldent in ftonc of N, is the probability that one ad only one b mixes, rbik 
the co&dent in front of N. ia the pmbrbility thti neithu b mka of both mix. ALO 
note that DE mlxiq is negligibk and hu not bca included. At pm&, N,/Nj and 
NJN, UC tktmhd kom M@e Carlo cabhiom. ‘TIN radts M 

WA1 : ji = 0.166 f 0.059 

CDF: 2 = 0.176 f O.O28(riut) f O.oW(rprt) f O.O32(Monfr Carlo) 

Figure 105 &oua tbc CDF value rather tha a combiaed CDF nod g.Al result becaur 
the ~ncert&tk in the two experiment ue highly cxxrel&d due to the corn- 
Monte Culo uumptionr. The figure hu beea drawn with the mmption that b 
qwL form B,, B., B,, utd b baryonr 37.5%, 37.5%, 15% md 10% of the time 
respectively. ‘I& pp and e+e- taultr overlsp the rllorcd CKM region. but the uncu- 
taintia are bii. In future Fermilrb Collidu rum, the lugc inaeaw in the number of 
detected B evmu will allow for dkt mwuremet of fd tid 1. from uclruive fininrl 
stata utd * much more pmk measurement of x,. 
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6. The Sea& for Exotic Objectr and Pmrpects for the Futura 

In thin lecture, two vpuctc topice wilI be uxkderrd. Fit I rill present tecent raultr 
tram the ssrd~ for new heavy objecta. ‘l&n I wiII change focus from the pnrat to the 
future and discos the phyeia pmrpecte with the extremely high integrated lumiaaity 
that ehould be provided by the npgaded I’ennilab CaLlida. 

6.1. The Sud /or Etofic Oljecie 

Many objeete outside the MiiJ Standard Model have been vucbed for at the 
CERN and Fermikh CoIIidm. Foru of these will be considered here, heavy 2 and W 
bNON, quark canpai(ura, aad Np-mdtiC object& 

6.1.1. Euq Z Borou 
In many exknrione to the Standard Model. there ue additiond U(1) eymmetti and 
~awqudy mtrd vector baoar (2’) [Ss]. CDF hu searched ite e*c’ rpectrom for 
the bighmu peek cbuuterietic of l 2’ (Fig. lOa) [69]. Tbc integrated bigb mm 
CrNs uct1on k 

m 

I 
gdN=rkIp, 

110 G.V/S 
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to be compued to the Dell Yan continuum prediction of 4 pb. Tbc lack of eventa 
above 200 GtV/r’ transl&s inte the limit 

- ds 

I 
z dM < 1.3 pd Q95% CL 

mt 

The experimental upper limit on the 2’ production c- t&ion tima the bmnchiy 
ratio into e+e- L compared in Figure 107 to & ulculstion aawning Stadud Model 
couplingt to quarkr ud kptoru. For rucb couplinga. lddi:iona heavy neu:z~ vector 
boeonr are excluded except in the region 

hfzo > 387 ctv/2 @9556 CL 

For modek in which 2’ coupling to fennionr ue different tbu for the Stmdud 
Model p or for which ER(Z’ - te) k reduced beuue ofotber open cbmnek ruch Y 
2’ - W+ W-, the theoretical CUIV~ would chaage in the figure, but the experimental 
curvt would remain the -a. 

6.1.L. Ettv# w Borou 
Cbwged huvy vector bowru sppev in some attempto to enluge the SU(~)L x O(lb 
aruge group of the Studud Model [70]. In left-right aymmetrk modek, fog uunpk, 
UI dditionrl SU(2)n tymnttry producea a huvy right hmded W. The bat previ- 
OUI limit comer t%om the c+n&c distribution in polwised p deuy [71]. The limit, 
A&,, > 4.30 &V/G 890% CL, ia valid only if the right hrnded Y k vuy tight 
(m., S 10 M&/Z). 

25 50 75 100 125 150 175 200 

Flu. 104. The CDF e+e- spectrum. 
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MASS (W/C’) 

Fii. 107. The CDF 95% CL. mppu limit on the 2’ prwktion crca aectba tima the bruchiy 
r&a into e+e-. The dashed cuw k the prediction uumiq that the 2’ aqliqa to qmh 
and kpkw UC the same u for the Standard Modd i?. 

A search for W, with a much l- rn.” corutraiot (m., 5 !Mw”) can be carried 
out with the Pv transverse mao diitribution in high energ Fp cdlii~. Figure 108 
shorn the CDF data for both the CY and JW Real stat-s abq with the ape&d 
diitributiona from the usual W 1721. There in clearly little room for additional eourca 
of events. The dak are fit to the form 

dN 
- = oW(Mt) t BW(Mr) 
d.% 

where W’(&) and W(&) UC the expeckd MT diitributiool for W’ and W decay 
nonnalii so that o = fl= 1 for Standard Model coupling. The At k performed fa 
the range of W’ maea above 109 GeV/s. The resulting uppu lit OII o.B(W’ - Iv) 
placa l liit 

Mw. > 520 cevp 095% CL 

for Standard Model couplinga (Fig. 109). 

6.1.3. @or& Comporifcntu 
In some stkmpk to undastand the origin of the fermion generation& it is ptulakd 
that tLe iermionr UC campcsik. However the uperimentrl evidence on the pointlike 
nature of the fermiow require that tuck compcaikneu be at a VW small distance se& 
or equivalently at a very large energy wale. The effect can be puametlircd in knxu 
of l 4-fermion interaction of unit rtrengih between left handed quuL, chuackriscd 
by a cotwtard. &, with dimensiona of energy (like l/a) (731. 

If quarks were compaik objeck, the inclusive jet production crcn wctioa would be 
enhanced at hich & . Figure 110 shows the CDF inclusive jet producti MI section 
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Fii. 109. The CDF 95% CL upper Ii& 0. the W’ pmdwtion - raaiDl time tke bru&a9 
ratio into Iv. Shorn ue the limb tmm the electran chrand the m- cbund ud tL 
combiaed umpk. The dotduhd cave is the predicti ammiq Studud Yodd CM* 
of the W’ to pouts aad . l/U branding rati into either .?Y or P. 

u l function of & along with the prediction9 from lorat order QCD and lowat order 
QCD plru a composite-quark contact inter&ion [74]. CDF An& 

A, > 1.4TeV 095%CL 

The aheettee of eventa with & > 430 GtV play3 a0 important mlc ia determining the 
limit. 

If quulrr and lepto~ rhae constituenta, there should be an enhancement in cow 
tinuum leptoa pair production for large diir~n invariant mam. The CDF integral 
e+e- mu npectnrm ir ahown in Fii 111 along with the pmdictioan from Drell Yan 
production aad quark-lepton compaiknem [IS]. The limita on a quark-kptoo contact 
interution am 

Air > 2.2 TeV 095% CL 

Air > 1.7 TeV Q95% CL 

where the - (+) limit L for coutructive (destructive) interference with the uual s 
quark Drell YM contribteioa. 

6.1.4. Srpcrrgmmrtrp 
If 9upenymmetric partners of the quark) and (luowutt, they can be pair produced 
via the strong interaction in Fp colliaionr. If m9 > ml, the dominant production mode 
i pp’ - iz - 9fc - 2 jeta + &. If, ore the other hand. WI, > m,, the dominant 
production mode ir Pp - 33 - qif4qE -Ijt~+~.EcrrIh~nuumedtbc 
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The coma are prediiu br Drdl Yam pmdwtioa abmt LI) t with . quark-kptoa cornpa 
itena imtemctioa added. 
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Mg (GeV/c2) 

Fii. 112. The CDF mpeaymm l ~~~.TLe~(OUeM~dbcbrtLe~sirnlcd 
011. 

aimplat aupmymmetlic model in which the qttuk or gluino deuys directly to the 
li9hkrt supaaymmetdc partick (LSP), t&n to be the photino which L atabk and 
virtually non-inkractiq. In more realistic mod& for very heavy quarL and gluina, 
the 9’ and j uscsde dam to the UP. This rmtlk in more putona in the final rkk 
and conequently la &. 

CDF has ruched for quarL and &ina in the wnple of eventa with a+>40 GeV 
and two or more jeta FE]. ‘X%e 92 obruved ev.wk we consistent with the rak crpeckd 
from QCD production dZ + jek, where 2 -vv,~dW+jerr,rbucW’-Iv~dthc 
charpi bpton t not idcntidsd in the detector. The lack of additional eventa transhta 
into the supersymmetry limit rhmn in Fii 112. Thw lbnitv UC for the dmpb 
rupulymmetry modd with direct decay down to tbr LSP. It bu been atimakd that 
the limits are reduced by 10 - 20 G&‘/Z when raea& decaya M considered. 

62. Collider Phyriu 6th the Femild Main Inje&? 

The Femibb upgrade inclod& the construction of the Main Injecr~r we dacribcd 
in Section 1. When it k completed, CDF and DO should each be able to cdkct 1 /b” 
of inkpakd luminaity during two yeam of taking datr Tbii auumea that the up 
graded Collider NN at design luminaity and luminaity lifetime, thti the cffickncy 
of accelerator operation L Y it was during the kat data run. and that dekctor down- 
time aad deadtime are uch held to 10%. Foe the pmjectioru made below, I uume l 

detector with “full” kpton and jet coverage, u apected for the up&ed CDF and 
DO detectas. Moreover, the mwmed detector iueffickncis ue baaed on the 1-t CDF 
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ND. Tbir &Ad be improved upon in the future for both delectom 

9s 

6.2. I. Strd for the Top Qwi 

AJ re have rm. the current lower limit on the top q&k meas iv VI G&‘/g et the 
95% confidence level. The indirect evidence based on the conrietency of the minimal 
Standard Model (2 decay, Mw. Y eutlering, etc.) pmvida era uppu limit, A&, < 
200 GrV/$. Eormr more than a Ja diecrepancy with the S-dud Model prediction 
would be required before the Stsadard Model would be absadoaed. Thue to tat the 
Staodud Model. the lop masl range up to 250-300 GeV/c’ must be explored. 

Detection of heavy top can occur in the Iv +4jet end flw + 2jrl fiasl stata, where I 
in&da electron, md muons. The braaching ratio ie 30% for the former end 5% for the 
latter. while the detection &ciency ie approximetely 30% for the single lepton mode 
and 25% for the dilepton mode. Thae &ciencia might in fact be larger, beuuee there 
is no need to cut bud on the lepton idcntikation variablea. The dominant bactgmund 
ie from W end 2 decay into eleclrone or muone, eo culling hard teduca eignel md 
brdgrouad dmiluly. Table 6 gives, LI e function of the top quark mu. the number 
of ti cvente produced rad the number lbat should be detected ia eah mode for l 1 
/b-l date sample. 

T&k 6 
Nembu of ti emtr chat should be produced and dekclrd fcu . 1 /b-I 
fUuti0~ d Al* 

U. 

The mmbu d tignd eventa of course L not the only, or puhw even the major 
coneide~tioa The eke of the be&ground b elm of crucial importaace. For the r&la 
char@ lepton (Lad atata, UK dominaat ylwe of bet.kg?ound b QCD W + 4 jet 
production. CDF doa not Y yet have l large aample of W + 4 jet eva~te. Cmaquently 
we hawe to rely on l&ate Culo eimul&me. Al the lime thew atimeta were made. 
the W + 4 jet ulculetion 1y not yet avail&k. We wed the W + 3 jet ulculatioa end 
multiplied the QQ waion by o, to approximate the effect of requiring aa additional 
jet. Tbii b cmeietent with the CDF ma uctioa relio (W + 0 jet)/(W + 1 jet)/(W 
+ 2 jet)/(W + 3 jet). Fii 113 shove the I& spectrum of the third highest ET 
jet for 150 aad 210 G&‘/s? top u well ae for the background. ‘The background jet 
& epecltwn is rapidly falling, in coatrat to the lop decay spectrum rhkh becoma 
harder ra Mlq increaeu. By selecting a jet ET threshold that iacresra with M,,, a 
satiefactory rignrl lo noiee ratio can be maintained over a large MU, range extending 
(0 over 200 G&‘/e’. 

If tble prows not to he rutlicient, a significant improvement in the eipal to noia 
ratio can be obtained by identifyins one or both of the 6 jete in the event. Low energy 



7h Phyricr o/ Pmton Antiproton Cdlirioru 

I I we, JCTS (LO Y 
to-’ . r5004V~0 

(US ilt)xa, , 210 k” 10 

$ 
‘0 
- 10 -2 ‘\ * 

- ;,h. 

\ 
\ 

% 
\ 

\ . \ 
i \ 

,” ,0-J 
\ 

‘\ 

co 20 lo 40 )o 40 

C’ (c*V) 

Fig. 113. The & rpatrum for the third Id&at ET jet in tigk Caugd kptom evemu from 
150 ud 210 G&/c= top. . W + 3 jet Monte Cub, =d . W + 4 jet atimrce takea to be Q, 
lime4theW+3jetrpectNm. 

leptor~ from umileptonic b day can be uud to lag b quuh, but a 10% branching 
ratio penalty must be paid. A higher 5 lagging dEiency can be obtained by o- 
the secondary vertex from b decsy. The CDF rilican vertex detector should have a 
10-15 p impact puamtkr resolution, to be compared to CT ~200~ lo, B -. It 
t atimated that at least one b jet am be identilied in over 50% of buvy top cnnta. 

For the dikptoo fInal data, there are two major murca of background b high mar 
top. The QCD production of 2 + 2 jetl followed by the day 2 - CL, 2 - pg, or 
2 - rr - Jlvvvv cm be eddy removed using the dilepton invariant mu, &, utd 
A&. The more diicdt bukgotmd in vectoz bmn pair pmduction, fi - WW + 

2 jetr - Nvv + 2 jeta. again, by choaing a jet ET thrahoid that in- with &a,, 
a good eigd to noia ratio am be maintained over the accessible Mt., range (Fii. 114) 

PI. 
If thae backgmobnd &imata prove accurate. there should be . @ikeat nmnba 

oideteccedfierentr(>25i~v+ljctcvenrr~d~Sft~v+ljetcvm~pcrdercct41) 
with gooa sunal LO n&e up to hf”+ = 260 - 270 GeV/+?. Apptimatiy 10 tingle 
leptan and. few dilepton eventa are upected per detector at AL, = 300 GeV/c’. 
Thlu the entire range allowed in the Standard Model would be covered. 

Ifs dgnal appears, there are a number of ray, that its identity u l lop quark caa 
be tuted. ‘I?K numb- ofeventa with 0, 1, or 2 identified secondary vertica should be 
con&tent with two bjeta per tievent. The secondary vutex detection efficiency an be 
maoned with the inclusive lepton data sample, which b matly from b deuy. One aa 
abo look at the ratio of the numben of single leptoa md dilepton event& Thii should 
be consistent with two W borona per event. There can be additional confirmation d 
the presence of tro W bcoona wing, for example, the Iv lrarvveme maa and the diit 
invariant mu. Finally, one can see if the production coca vclion ia amblent with the 
QCD prediction. The theoretic.al CIOI a&ion uncetitinly ia appmximatety f 2&20%. 
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Fii. 114. The dikptcm cvcnt r.k for . top signal aad the WW backgmmmd u . fwztia, d 
the top quark PU. Cwva are rho-a for twu Muent jet ET tbrerk&. 

Another imporknl issue i the accuruy with which the top gout mu cm be 
measured. This question i actively being addrewd al present ia both the CDF and 
DO collaborationa. There M aome preliminary otimrler; mu& more will be done 
within the next year. 

In the singk lepkn moda. the invariant mu of the W and bjet cara be ulcul&ed. 
Howevet finding the correct jet lo malb with the W ia not euy beunae of the large 
numb- of jeta in each event. One study rhowed that after makiig addiliond kinematic 
cuk to rat&t the evuLt sample, the W+ b jet invariant mam distribution hu l 20% 
width. This would give a i5 GeV/c’ 8klLlical uncerkinty for 8 ZOO GeV/? top. The 
syrkmatic uncertainty could be aludied using evenk in which both b jek ue identified. 
The nmahing two leading jeta should have a mam peak centered 00 Mw with a width 
a predicted by the dekctor tiulatica. Other pokatirlly preci~ kchniqaes are under 
rtudy in which the mu b deknnined by putid or full recwtmctioad~tmdi 
[78]. Another ponibiity h to compare the & diitribution and the & diibotiow ai 
the lepton, W jets, and 5 jek with simulation resulk Y a function of top ma. 

For the dikpkn moda, Baer et aI p7j have considered a number of mu atimaton. 
The bat of these L the loret reconstructed top mm when the lrwerse momenta 
of the two nmtrina UC varied. but constrained Y) that the sum equals the observed 
,$. They find a mu rcsolulion of f10 GeV/c’ for a 200 GeV/c’ lop my wing thir 
method. 

Finally, comparing the event rak with the cdculakd coca reetion prwida an ati- 
mak of Mw with an uncerkinty of < 10%. Thir of course amma that the branching 
ratio for t - W5 ir 100%. 

What else can be learned about the top quark once it ia discovered? To be concrek. 
let ua a~~me that MIor = 150 GeV/c’. A 1 fb-’ expaure would then provide loo0 
dekckd single lepton evenk utd 130 dilepkn weak. The mat impwknl study of 
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couw ic the pecirion test of the Standud Model. Thir ir diwd in the next o&ion. 
A large data umple can &o be wed to vucb for non-#tandud decay moda. For 

example, the ratio of the numben of eventa with one and two idenliged ax&uy 
vertices giva l seraitivily to l 10% branching tatio into moda with no b qua&, 
like f - W t 1. Man likely k the decay of the lop i&a mode with no W in the 
find alak, ach u t - H+6 which oc~un in snpenymmety inspired uten&ra to 
the Higga salor 1791. For the cue of two Eigga doublet& there yc two ddi:ionaI 
parameters i the theory. the mar of the chuged Him and the ntio of the vacuum 
expectslion nIua toor the two Biggs doubleb. ton@ E Q/Q. U Mn+ < A&, the 
dominant Hi decay are to TY and cl, where w dominrta for ton@ > 1 and u’ 
dominata fca ton# < 1. The branching ratiw for 1 - W& and I - Hb aIan depend 
&ongIy on kn#. QpicaIly BR(t - Wb) L 2 10% when 0.1 < ton4 < 100. Initial 
studia ahow that ti - HbHb - zwvb( can be ohwved with good signnrl lo noim 
using a &+ tr&er, aerondary vertex identifiutiono. and the chtacrerllio of r decay. 
From the mk of wh decaya, the tata of I + Y + 4 jet l venlr. and the dilepton lo singIs 
lepton ratio, the lop quuk can be obwrved if tan@ > 0.1, with the akt of the liigga 
channel oblanble over mat of tbi range. 

A numba of other sludia CID be done with the lop aample. Some fraction d l& 
1000 eventa &Ad be fully rew~t~ckd. The decay anguIrr diitributioru CM prwida 
information a~ the #pin of the decaying object. Ome can also look at the fi invdutt 
man rpectw for tenonanca wxh u kchnimesnna. One could a& ImA for putticks 
produced with the 6, lot example third generation kptoquark paim - trl’t. And 
CnaIly one rmut be prepared for the tutaIIy unupected. The lop quuk ia &sdy 
an oddity king the only eIemenluy fermion with l mu dor la the ekclrowul 
uniRulion aale. Perbapa the lop quark ir unique in other mya Y dl. 

6.3.3. Pnhie* bfeuwemert of ihe W Mur 
Wtth l 1 fi” data umple, more than 10‘ W - Iv evenb and I@ 2 - II ever& will 
be dekcted. The very large Z sample ia critiul dna it L used to atndy and mewwe 
many of the mtcea of ayatematic unwtainty in the W ma: ca&mekt energy se&, 
dekctoa radntion, Pr of the W, effect of electron energy leakage on the meuud PT 
of the Y, backgmund. and the mu fitting procadum. 

The rrrrjlriul mcutaiaty In Mw #hoold be 5 30 M&/c’. Tbc &mittmt *, 
tematic onmtain:~ may well he the imp& knawledge of the atmctnre lunctiw, 
which &CU the W rapidity distribution. Howeva the rneaumnmt d the W thy 
~me~~~~theaccdcdrtodr~lorthe~~t~cdt~d?.Uno 
unupakd mu emma deyvkmdic uncertainty arise, it is pcuibk that the W mu 
No be md lo *co xevt9. 

Such l meaurement. coupkd with the meuwement of A&, prwida a pomrful 
tat of the Standard ModeI al the IeveI of eIec:roweak radiative correclio~ (Fig. 115). 
It the r&l diugrca with the Standard Model, it ir obviously extremely important. 
On the otha hand, even if it L consistent with the Standud Modd, it can pmvide 
information ahout the Eim maa. 

6.Y.S The IF L@imc and Bidder Top 

Aa rborn i section 3, the W lifetime can be deduced from a mevuremcnt of R, the 
ratiodthanmbcnobw-Iv~dZ- II evenU produced. The mcvurement ia 
important Iha the lifetime ia a buic pmperty of a gauge boron. Moreover, it aIlorr a 
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loophole in tbc top quack vu& to be clceed. If the top deuy ceomt be detected, la 
-pk beuuee r e X+b - 3. the usuel top eeucha would fail. ‘IXk ia perticul~ly 
important if Mts k between Mz/2 and Mw , cince the day of top into l rul Rii 
could then dominek over the decay into a vtiud W. However since the W’ - fb 
chennd k open for eucb a top quark mu, r(W) would incteue. A 1 I)-’ data cempk 
would 6ive a rtatkticd uncertainty io the R m-meat of approximately 0.5% end l 

ryskmetic oncertainty of ro@y l%, dominekd by otructnre function encertaintis. 
F&re 116 ahorn how the R me-meat could lydy clac tbk kophok in be top 
quark ceercb. 

6.6.4. Vtdor Bow+ Pair Pdwlio8 

The rate and aayulu dktribotioa for qT - IT’7 caa provide . meuuemd d the 
aaomdow magnetic m-t of the W. A 1 fi” date eempk will contain appmrr- 
imately 2OM eventr ritb W - Iv end P; > 10 CcV/c with which to meawre the 

moment. 
For the orba vector baon prim, WW or WZ or 22. QCD beckuound rrunp the 

rigrd u&m both bcaac ace required to decay into c or c. Aftu payi the price 
of two kptooic breachin6 r&s, we would only expect to M 5 WZ weote and 1 22 
event. ‘lb WW dpd would be mocb luger. 125 eveate, but thew eveate ere not fully 
rccon&uctibk since there UC two neutrince present. Moreover. there will hopdUly be 
a large bsctgound to the WW s@d from top quark day! ARho& the numba of 
reconstructed events will be smdl, the experiment &ll be quite sensitive to raomdoua 
vector bomn pair production, due either to a failure of the diegem cancelletioa in 
the Standard Model OI to the presence of WW and WZ raonanca predicted in come 
modek. 
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.I the ti&t Aowe the sixa of cbe mzakinty prilh with 1 jb-’ cd dab 

66.5. Oihw Ifceq Pwticlu 

A very Ieqe data sample can ai@ficantIy atend the lurch for objate beyond the 
Standard Modd. Heavy W or 2 baonr could be detected for mema up b m& 1 
TeV/c’ -in& Standud Model coup*. Tbc &mite for mpemymm&c pa&la, 
kcbnimao~~, end IeptoquuL ebould racb 250 - Jo0 &I’/$. Both inclusive jet 
production aed Drdl Yea kpton pair pcodwtioa caa provide a wmpaitena ecu& 
uptooeoer~eulcepproecJ@3TeV: 

6.2.6. B PAyn’c~ 

TbeMrctioafoc~productioainrheM~~~nni~dnpiditj.bpmd 
matdy 1 x 10’” cm’. Thir mane that 10” ti ever&e will b4 prodwed foe l 1 fi’t 
igqnted lomiity. With en inetanteaeoue lnmitity of S x 10et cm’* -ICC”, the 
~pproduaioa~roold~SKB;!Evcnarhcrcccpt~crM(rk~tedtoirl<l 
and I’$ > 10 G&‘/c, the eveat rate would atill be 200 HI, end 4 x 10e 68 evea would 
be cn!l&ed 

Tbue ate many experlmentel chdkzgu :hct have to be met if hadron collider 
experimenta M 14 make a majw impact ora b physica. Since tbe b pmductioa QOI 
section t only nr 0.2% of the inelutic Fp M wctiou and the rate for miting evcnu 
to magnetic tape L limited by the beadridtb 6f the data ecquieitioa cystem, the 
purity end dliciency of the 6 trigger ie critical. This munr heviq bw Pr tbraholde 
for c, JI, and I/$ while mrinraining a high eigel to noim ratio. Of eramoue utility 
would be feet (- 10 m) ucondary vata fkaiia~. Another problem b date ntotage 



nr Phyria of Proton Antipdo!a c011irioru 

- CT- o+m 

101 

Fii. 117. MO** Cd0 akmhtio~ of the reanWxkd proper lifetime distriiulion lor 8’ - 
J/+K* (da pcintr) md for . similu raonaace tkb1 decw at the primy - 

for vary large event umpla. Tbii requira efkient online separation of Jgnd from 
background md data compaction to ttkimke the size of each event. Identifation of 
b jetr h aho critiul, it rquira an efkient vcondy vertex detector. But perhaps 
most important for the okuntion d CP violation in flavor taggin& of the second 
b in UI event. Terhniqna under strd: kWe K ideatiflatioa, d%cient detection of 
moderak Pr leptoan, and very dedent track lklii et the secondary verta so that 
the chu;e d the deuyiq B GUI be meuured. Dpriag (he last CDF NO, the llwor 
ragging dlkkney wu apprchukly 1% due to the B oemileptooaic bran&ii ratio, the 
muon identi6utioa rqnirementr, IO d the limikd raqe of rapidity and PT covered. If 
CP viol&m b to be rtudied in pp collision, tbe tagging elBcieacy must be inamed 
byeppmxinu@yefutordten. 

The b phyla opportuuitia we atemivc. The B., B., AJ, and other b hadmna Bhonld 
be oked and their m- meucred (8 13 MeV/G mu raolution L expected for 
the next run). %&ion measurementa will be made of the individual lifetima for B., 
Ed. and 8,; l 3% tmcerteinty ia expect4 in the nert run lot B. and 81 (Fii. 117). 
A seadive search for rue B decay m&o can aleo be carried out. The predickd lo-’ 
branching ratio for B - pi could be okrved. In addition. B - pjK, which occum 
through an dectmmagnetic penguin diagram, should be eom with good ttetistia. It 
is aecnritive to Mw w well Y other new matlive particle and pmvida a mex~ure of 
the CKM matrix element V,,. 

Direct obrmtion of the interference l &te of B, mixing ie a major 6 pbysiu god. 
Figure 118 showa what aaId be observed with dilepton eventa for X, 3 9 = 5. 
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Fii. 118. The disttibatioa in J - 2 kpton eventl of L 3 CI. where v t the propet decay time 
of each B. (a) T%e distributiona kr evemt~ with oppodte w 01 same d&a kptou. @) The 
sum ud the di!Tmua of cbe carvu ia (a). (c) The ratio of the diRerace ud sum curva h 
(b). (d), (e), ud (f) am the same Y (4, (b). ud (c). except that the B momentwa ued to 
obtaim the propa decay time ia appmximrti by the kptoa momentum. 

FL. 119. The CKM unhity trim& 

Figure 118~ ckuly abows the oacillationa due to B,, 3, mixing. The major cbdkrqe 
here k to find the best estimator of the B momentum for detiniq the proper 
time of the B decay. Fii 118f ahow the degradation of Figure 118~ if the kptoo 
momentum k ased Y the B momentum. 

The dtimak god for pp b pbyeia k the oboenation of Cl’ viol&ion in B decay. Let 
ue review ha tbk aa be done. The unitarity of the CKM matrix for the three known 
fermion (mmtioaa requira 

V.rV;, + V& + KrV;, = 0 

Since V, I 1, ytb - 1. rod with the usual phase convention I’d k paitive tul and 
V.4 k negbtin red, the equation becamea 

v=, + Vtr = IKrK*l 

which k a triangle in the complex plane (Fig. 119). CP violrtion can result if the 
an& are non-aero. Information on the lengths of the aida of the triangle coma from 
semikptonic B decay (I-‘.,, VJ), opposite sign dimuon production in Y inkractiorta 
(I$), and B-zmixing (&). Tbe U&I cu) be determined by meawing CP vioktirq 
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arymmetria in the decay of B aad x into CP eigenetaka. epecificelly 

0: 84 -. r+t- 

8: BJ - +K. 

Y : B, -PK. 

To deknnine whether CP violation u obeewed in the K eyekm ia conrieknt with e 
CKM origin. one could measure the three ei&e and one ogle. H&on collidera could 
contribuk to the measurement of &:r (8, - B, mixins, rue B decay, top maan) and @ 
(CP uymmetry in BJ - CbK,). Current data OD the CKM matrix aed CP violation 
in K decay ruggut that 0.1 < rid&3 < 1, with 0.34 the mat likely value [80]. A future 
me~uremmt of thi queotity with the $K, fineI stak will have ik eccuracy limited 
by luminoeity (number of evcnk) end tbe d6ciency for tagging the puent u B or x. 
The htkr ia churcterired by 

de., = rt.,( 1 - ?w)‘( 1 - m’ 

where ct., ie the efficiency for tagging the other B meaon, w ie the probsbility that 
the tag giva the Wrong enter. aad the last factor io the quetion ir due to dilution 

from B mixing. Fii 120 ehoborr how thie tranelata into uncertainty in the rin2B 
dekrminrtion. An uncertainty in rid28 of 0.33 (0.11) cao be ape&d if the b k&n6 
efficiency can be improved by a factor of 2 (10) ova what ie expected in the nexl CDF 
date w. 

Studying CP violation in B decay at hadron collidera will be very cbdlenging, but 
it eppean quite poribk. 
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